








A Thesis Submitted for the Degree of PhD at the University of Warwick 
 
Permanent WRAP URL: 
http://wrap.warwick.ac.uk/116628 
 
Copyright and reuse:                     
This thesis is made available online and is protected by original copyright.  
Please scroll down to view the document itself.  
Please refer to the repository record for this item for information to help you to cite it. 
Our policy information is available from the repository home page.  
 




























Well-defined polymeric architectures by 
Reversible Addition-Fragmentation chain Transfer 
polymerisation: Synthesis, characterisation and 






A thesis submitted in partial fulfilment of the requirements for the degree of 





Department of Chemistry 




Table of contents 
Table of contents ...................................................................................................................................................... ii 
Declaration .............................................................................................................................................................. vi 
Acknowledgements ................................................................................................................................................ vii 
Abbreviations......................................................................................................................................................... viii 
List of Figures .......................................................................................................................................................... xi 
List of Tables ......................................................................................................................................................... xiv 
List of Schemes ...................................................................................................................................................... xv 
List of Publications ................................................................................................................................................ xvi 
Abstract ................................................................................................................................................................. xvii 
 Industrial Challenges in RAFT technology .......................................................... 1 
Abstract ..................................................................................................................................................................... 1 
1.1 Radical Polymerisation: Evolution and Current Market .............................................................................. 2 
1.2 The RAFT Technology ................................................................................................................................ 4 
1.2.1 RAFT mechanism and process optimisation ........................................................................................... 5 
1.2.2 RAFT agents: features and availability ................................................................................................... 9 
1.2.3 Industrial applications ........................................................................................................................... 14 
1.2.4 Future directions of RAFT .................................................................................................................... 17 
1.3 PSMA Materials by RAFT ........................................................................................................................ 19 
1.4 Scope of the thesis ..................................................................................................................................... 20 
1.5 References ................................................................................................................................................. 21 
 Evaluation of Lubrizol CTA-Ester: butyl-2-methyl-2-
[(dodecylsulfanylthiocarbonyl)sulfanyl] propionate ................................................................ 29 
Abstract ................................................................................................................................................................... 29 
2.1 Introduction ............................................................................................................................................... 30 
2.2 CTA-Ester Purity ....................................................................................................................................... 33 
2.3 CTA-Ester Performance on RAFT Polymerisation ................................................................................... 36 
2.3.1 Chain transfer constant .......................................................................................................................... 36 
2.3.2 Experimental kinetic study .................................................................................................................... 40 
iii 
Styrene ............................................................................................................................................................... 40 
Methyl and Lauryl Methacrylates ...................................................................................................................... 42 
2.4 MacroCTA Synthesis Optimisation ........................................................................................................... 44 
2.5 Conclusion ................................................................................................................................................. 46 
2.6 Experimental.............................................................................................................................................. 47 
Materials ............................................................................................................................................................. 47 
Characterisation techniques ................................................................................................................................ 47 
Determination of CTA-Ester purity.................................................................................................................... 48 
Typical RAFT procedure (PSty10) ...................................................................................................................... 48 
Determination of monomer conversion. ............................................................................................................. 49 
Calculation of Mn,theo .......................................................................................................................................... 49 
Calculation of livingness .................................................................................................................................... 49 
2.7 References ................................................................................................................................................. 50 
 Functional Multisite Copolymer by One-Pot Sequential RAFT 
Copolymerisation of Styrene and Maleic Anhydride ............................................................... 52 
Abstract ................................................................................................................................................................... 52 
3.1 Introduction ............................................................................................................................................... 53 
3.2 Results and Discussion .............................................................................................................................. 57 
3.2.1 Polystyrene macroCTA ......................................................................................................................... 57 
3.2.2 Single monomer unit insertion by one-pot RAFT chain extension ....................................................... 57 
3.2.3 One-pot sequential SMUI and ChainExt by RAFT ............................................................................... 63 
3.2.4 Functionalisation of the multisite copolymer by esterification of maleic anhydride moieties. ............. 67 
3.3 Conclusion ................................................................................................................................................. 70 
3.4 Experimental.............................................................................................................................................. 71 
Materials ............................................................................................................................................................. 71 
Characterisation techniques ................................................................................................................................ 71 
RAFT polymerisation of polystyrene macroCTA (DP = 10) ............................................................................. 72 
Sequential single monomer unit insertion and chain extension procedure ......................................................... 72 
Functionalisation of the multisite copolymer by esterification of MAnh moieties ............................................ 72 
Determination of monomer conversion. ............................................................................................................. 73 
Calculation of Mn,theo .......................................................................................................................................... 73 
Calculation of livingness .................................................................................................................................... 73 
3.5 References ................................................................................................................................................. 74 
iv 
 Influence of Grafting Density and Distribution on Material Properties Using 
Well-Defined Alkyl Functional Poly(Styrene-co-Maleic Anhydride) Architectures 
Synthesised by RAFT .................................................................................................................. 77 
Abstract ................................................................................................................................................................... 78 
4.1 Introduction ............................................................................................................................................. 79 
4.2 Results and Discussion .............................................................................................................................. 82 
4.2.1 Synthesis of alternating PSMA materials .............................................................................................. 83 
4.2.2 Synthesis of diblock PSty-b-PSMA ...................................................................................................... 84 
4.2.3 Synthesis of multiblock (PSty-b-PSMA)2-b-PSty ................................................................................. 86 
4.2.4 Synthesis of multisite (PSty-s-MAnh)4-PSty ........................................................................................ 86 
4.2.5 Synthesis of graft PSMA copolymers ................................................................................................... 87 
4.2.6 Comparison of PSMA materials features and properties ...................................................................... 88 
4.2.7 Study of materials’ behaviour in solution by 3d-SEC ........................................................................... 89 
4.2.8 Influence of material structure on thermal properties ........................................................................... 91 
TGA ................................................................................................................................................................... 91 
DSC .................................................................................................................................................................... 93 
4.3 Conclusion ................................................................................................................................................. 97 
4.4 Experimental.............................................................................................................................................. 98 
Materials ............................................................................................................................................................. 98 
Characterisation methods ................................................................................................................................... 98 
Procedure for 4xCTA synthesis ....................................................................................................................... 100 
Typical RAFT polymerisation (macroCTA for multiblock – PSty DP = 10)................................................... 101 
One-pot sequential chain extension (PSty10-b-PSMA5) ................................................................................... 101 
Typical procedure for functionalisation of PSMA materials with behenyl alcohol ......................................... 101 
Determination of monomer conversion ............................................................................................................ 102 
Calculation of Mn,theo ........................................................................................................................................ 102 
Calculation of livingness .................................................................................................................................. 102 
Fox Equation70: ................................................................................................................................................ 102 
4.5 References ............................................................................................................................................... 103 
 Well-Defined Graft PSMA Architectures as Oil and Lubricant Additives ... 107 
Abstract ................................................................................................................................................................. 107 
5.1 Introduction ............................................................................................................................................. 108 
5.2 General scheme ....................................................................................................................................... 110 
5.3 Results and Discussion ............................................................................................................................ 110 
5.3.1 Material features .................................................................................................................................. 110 
5.3.2 Pour point measurements .................................................................................................................... 112 
v 
5.3.3 Rheology study.................................................................................................................................... 116 
5.4 Conclusion ............................................................................................................................................... 118 
5.5 Experimental............................................................................................................................................ 119 
5.5.1 Materials .............................................................................................................................................. 119 
5.5.2 Mineral oils compositions ................................................................................................................... 119 
5.5.3 Preparation of polymeric additives ...................................................................................................... 120 
5.5.4 Polymer materials characterisation ..................................................................................................... 121 
5.5.5 Pour point measurements .................................................................................................................... 121 
5.5.6 Rheology investigations (viscosity index and thickening efficiency) ................................................. 121 
5.6 References ............................................................................................................................................... 122 
 Conclusion ............................................................................................................ 124 
Appendix Chapter 1 Introduction......................................................................................... 127 
Appendix Chapter 2 CTA-Ester Evaluation ........................................................................ 128 
Appendix Chapter 3 Multisite Synthesis .............................................................................. 131 
Appendix Chapter 4 A Library of PSMA Architectures .................................................... 136 
PSMA synthesis ............................................................................................................................................... 138 
Diblock synthesis ............................................................................................................................................. 141 
Multiblock synthesis ........................................................................................................................................ 143 
Characterisation of graft PSMA ....................................................................................................................... 145 
IR ...................................................................................................................................................................... 145 
NMR ................................................................................................................................................................. 148 
SEC .................................................................................................................................................................. 154 
TGA ................................................................................................................................................................. 157 
DSC .................................................................................................................................................................. 165 
Appendix Chapter 5 PSMA as Oil and Lubricant Additives ............................................. 172 
Short PSMA with C12 ...................................................................................................................................... 172 
Long Alternating with C12............................................................................................................................... 175 







Experimental work contained in this thesis is original research carried out by the author, unless 
otherwise stated, in the Department of Chemistry at the University of Warwick or at Lubrizol’s 
Chemical Synthesis department, Hazelwood, Derbyshire between October 2014 and September 
2018. No material contained herein has been submitted for any other degree, or at any other 
institution. 
Results from other authors are referenced in the usual manner throughout the text. 
 
 








I would like to thank first my supervisor Professor Sébastien Perrier who gave me the great 
opportunity to undertake this PhD at the University of Warwick. I am very grateful for all the 
support and encouragement he provided me. Thanks for being always optimistic, enthusiastic, and 
helpful throughout this PhD experience. 
Then, I want thanks the people who helped me through my long student career. Thank you Sophie 
Guillaume for your great advices and for all the help and support you dedicated to me during my 
master project and beyond. Thank you also Sandrine Cammas-Marion, Gilles Ponchel, Christine 
Vauthier, and René Gree, for your help and support. 
Next, I would like to thank Antonio Mastrangelo, HyungSoo Kim, Paul O’Hora, Joby Winn, 
Timothy Smith, David Moreton, and the company Lubrizol for their contributions and guidance 
throughout my research. 
Now, I would like to acknowledge all the Perrier group, starting with the Postdocs who helped me 
during this great experience (Guillaume Gody, Johannes Brendel, Matthias Hartlieb, Sylvain 
Catrouillet, Carlos Sanchez-Cano, Raoul Peltier, Edward Mansfield, Joaquin Sanchis-Martinez 
(Ximo), and all the others. I would like to continue with all my colleagues sharing with me offices, 
labs or corridor: Caroline B., Andrew K., Liam M., Junliang Z., Joji T., Agnès K., Alex C., Majda 
A., Sophie L., Tammie B., Julia R., Sean E., Andy L., Pratik G., Tom F., Robert R., Fannie B., Jie 
Y., Qiao S., Satu H., Maria K., Clement D., Philip D., Ming L.K., Daniel L., Rachel H., Sam L., 
Nikolaos E., Glen J., Patrick de J., Paul W., and all the other people forgotten across the Perrier, 
Wilson, and Haddleton groups. Thanks to Polymer Characterisation RTP (Daniel Lester) and the 
Warwick Chemistry NMR facility (Ivan Prokes) for providing such great support. 
Special thanks to my friends, colleagues, lawyers, housemate, pub mates, pubs, PolySynApps, 
who helped me through all kind of situations and made my life better during my time at Warwick 
(Joji Tanaka, George Pappas, Dan and Rachel Lester, Cookie, Marie the innocent, Benoit and 
Maria, Sam, Philip, Raoul, Carlos, Pratik, Agnès, the Broomfield Tavern, The Duck, The Terrace 
Bar, The Inspire, The Clarence, The Chestnut,…). 
Finally, I’d like to thank my family for all their support and especially my parents for everything 
they have done for me. I am also very grateful to my partner, Nathalie Ségaud, for her constant 
support and love through the completion of this PhD. Thanks for your patience and passion during 
these 4 years of distance relationship. 
Thanks to all of you guys! That was fantastic time!  
viii 
Abbreviations 
4xCTA Tetrafunctional CTA-Ester 
AgTFA Silver trifluoroacetate 
ATRP Atom transfer radical polymerisation 
ChainExt Chain extension 
CRP Controlled radical polymerisation 
CSIRO Commonwealth scientific and industrial research organisation 
CTA Chain transfer agent 
CTA-Acid S-1-dodecyl-S’-(α,α’-dimethyl-α’-acetic acid)trithiocarbonate 
CTA-Ester Butyl-2-methyl-2-[(dodecylsulfanylthiocarbonyl)sulfanyl] propionate 
Ctr Chain transfer constant 
Ctr
app Apparent chain transfer constant  
Đ  Molar mass distribution (dispersity) 
DCTB Trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile 
dn/dc  Refractive index increment 
DP Degree of polymerisation 
DRI  Differential refractometer 
DSC Differential scanning calorimetry  
dTG Differential thermogravimetric curves 
ESI-MS  Electrospray ionisation mass spectroscopy 
ESI-ToF-MS Electrospray ionisation time of flight mass spectrometry 
IV  Intrinsic viscosity 
KV Kinematic viscosity 
L Livingness 
LAc  Lauryl acrylate 
LAM Less activated monomers 
LMA Lauryl methacrylate 
LRP living radical polymerisation  
LS Light-scattering 
ix 
MALDI-ToF  Matrix assisted laser desorption ionisation – time of flight 
MAM More activated monomers 
MMA  Methyl methacrylates  
Mn  Number average molar mass 
Mn,theo  Theoretical molar mass (NMR) 
MOFs Metal organic frameworks  
Mp  Peak molar mass 
MSA Methane sulfonic acid 
Mw  Weight average molar mass 
NMP  Nitroxide-mediated polymerisation  
NOE Nuclear overhauser effect 
OLED Organic light-emitting diode  
PABTC (Propanoic acid)yl butyl trithiocarbonate  
PET-RAFT Photo-induced electron transfer RAFT polymerisation 
PISA Polymerisation-induced self-assembly  
PMMA  Poly(methyl methacrylate) 
PPD Pour point depressant 
PPT Pour point 
PSMA Poly(Styrene-co-Maleic Anhydride)  
RAFT Reversible addition-fragmentation chain transfer (polymerisation) 
RDRP Reversible deactivation radical polymerisation  
Rg Radius of gyration  
Rh Hydrodynamic radius  
RI  Refractive index 
Rp Rate of polymerisation/propagation 
SEC Size exclusion chromatography  
SET-LRP Single-electron transfer living radical polymerisation 
SMUI Single monomer unit insertion  
Tc Crystallisation temperature 
x 
TE Thickening efficiency 
Tg Glass transition temperature 
TGA Thermogravimetric analysis  
Ti Maximum rate of degradation temperature 
Tm Melting temperature 
UHMW Ultra-high molecular weight  
UV  Ultraviolet 
V-40 1,1′-Azobis(cyclohexane-1-carbonitrile) 
V601 Dimethyl 2,2'-azobis(2-methylpropionate) 
VI Viscosity index 




List of Figures 
Figure 1.1. Development of CRP by integration of advances in several field of chemistry. Figure 
reprinted from Matyjaszewski et al., 2005). ................................................................................... 2 
Figure 1.2. Summary of polymer designs achievable using RDRP techniques. (Figure reprinted 
from Matyjaszewski, 2011).16 ......................................................................................................... 3 
Figure 1.3. Different RDRP mechanisms. ...................................................................................... 5 
Figure 1.4. Representation of RAFT mechanism. .......................................................................... 7 
Figure 1.5. Guidelines for the selection of appropriate CTA depending on monomer 
polymerised. a) Selection of R group. b) Selection of Z group. Plain line indicates good control 
whereas dashed line indicates partial control (i.e. control of molar mass but poor control over 
dispersity or substantial retardation in case of LAMs). Figure reprinted from Perrier, 2017 and 
adapted from Keddie et al., 2012. ................................................................................................. 10 
Figure 1.6. General classes/structures and features of popular RAFT agents.15, 23 ...................... 12 
Figure 2.1. Picture of industrial grade CTA-Ester (80 % pure) provided by Lubrizol. ............... 29 
Figure 2.2 A) Schematic of RAFT polymerisation of Lubrizol’s star-shape molecules.2 B) 
Structure of CTA-Ester. ................................................................................................................ 30 
Figure 2.3 Synthetic route to synthesise CTA-Ester in large scale developed by Lubrizol.2 ...... 31 
Figure 2.4 Byproducts generated during CTA-Ester synthetic process.2 ..................................... 32 
Figure 2.5 1H-NMR spectrum (CDCl3) of industrial grade CTA-Ester. ...................................... 33 
Figure 2.6 Magnified 1H-NMR spectrum (CDCl3) of industrial grade CTA-Ester (top) and CTA 
after purification (bottom). ............................................................................................................ 34 
Figure 2.7 Molar mass distribution determined by SEC in THF using RI detector and 
polystyrene calibration for technical grade CTA-Ester (red), CTA-Ester after purification (blue) 
and di-C12-TTC impurity (green). ................................................................................................ 35 
Figure 2.8 Structure of CTA-Ester and PABTC RAFT agents. ................................................... 38 
Figure 2.9 Apparent chain transfer constant for CTA-Ester and PABTC as determined by the 
Walling&Moad method for styrene polymerisation at 90 °C. ...................................................... 39 
Figure 2.10 Kinetic data for styrene polymerisation in dioxane using CTA-Ester. A) Evolution 
of conversion vs. time at different temperatures and B) Evolution of the molar mass and 
dispersity with conversion at 90 °C............................................................................................... 41 
Figure 2.11 Evolution of conversion vs. time for methacrylate monomers (DP100 - 1.25 M) 
polymerisation in toluene using CTA-Ester at 90 °C and V-40 as initiator (0.004 M). ............... 42 
xii 
Figure 2.12. Kinetic data for methyl methacrylate (A) and laurylmethacrylate (B) polymerisation 
in toluene using CTA-Ester at 90 °C. ............................................................................................ 43 
Figure 2.13 A) Kinetic investigation and evolution of conversion vs. time. B) Evolution of 
experimental molar mass (Mn,SEC) vs. theoretical molar mass (Mn,theo) and dispersity (Ð). Study 
performed using CTA-Ester at 100 °C with [M]0 = 5 M and [I]0 = 0.045 M ([CTA]0/[I]0 = 11). 45 
Figure 3.1. A and B are full 1H-NMR spectra (CDCl3) for polystyrene macroCTA (P[Sty]10) 
after 15 h reaction and copolymer (P[Sty10-s-MAnh1.5]1) after 5 h of SMUI reaction respectively. 
C and D are zoomed-in spectra for A and B respectively showing the position of methine proton 
next to trithiocarbonate for each monomer. .................................................................................. 58 
Figure 3.2. SEC molar mass distribution showing RI traces for di-C12-TTC impurity from CTA-
Ester (dash orange), macroCTA before (blue) and after SMUI (dash green). SEC in THF using 
polystyrene calibration. ................................................................................................................. 59 
Figure 3.3. A and B are full MALDI-ToF mass spectra for polystyrene macroCTA (P[Sty]10) 
after 15 h reaction and copolymer (P[Sty10-s-MAnh1.5]1) after 5 h of SMUI reaction respectively. 
C and D are zoomed spectra for A and B respectively. ................................................................ 60 
Figure 3.4. A) MALDI-ToF mass spectrum for [PSty10-s-MAnh1.5)1-PSty10] B) zoom 
corresponding to the region in the dashed square in A). ............................................................... 62 
Figure 3.5. Sequential SMUI / ChainExt monitored by 1H-NMR spectroscopy (CDCl3). .......... 63 
Figure 3.6. SEC molar mass distribution for polystyrene macroCTA followed by each step of 
SMUI (dashed green) and chain extension with styrene (blue). The final product after 
purification is shown in red. SEC in THF with polystyrene standards. ........................................ 64 
Figure 3.7. IR spectrum of the final multisite copolymer. ........................................................... 65 
Figure 3.8. MALDI-ToF mass spectra measured after each polymerisation step from the 
polystyrene macroCTA at the top to multisite copolymers after four SMUI at the bottom. The 
spectrum were recorded using DCTB as a matrix and AgTFA as ionisation agent. ..................... 66 
Figure 3.9. Scheme of esterification process for graft-like copolymer synthesis. ....................... 67 
Figure 3.10. 1H-NMR spectra (CDCl3) for multisite copolymer before (A) and after (B) 
esterification. ................................................................................................................................. 68 
Figure 3.11. IR spectrum for the esterified multisite copolymer. ................................................ 69 
Figure 3.12. SEC molar mass distribution showing RI traces for multisite copolymer before 
(blue) and after (black) esterification with stearyl alcohol. SEC in THF using polystyrene 
calibration. ..................................................................................................................................... 69 
Figure 4.1. 13C-NMR spectra showing quaternary carbon of styrene (Cq) for materials with 
different composition (S for styrene and M for maleic anhydride)............................................... 85 
xiii 
Figure 4.2. Comparison of molar mass distribution for short PSMA backbone measured by 
triple-detection SEC (A) and MALDI-ToF-MS (B). .................................................................... 88 
Figure 4.3. Derivative of mass loss (top) and mass loss (bottom) for PSMA materials before 
(left) and after (right) functionalisation measured by TGA. ......................................................... 92 
Figure 4.4. DSC heat flow graphs showing the third heating cycles for all PSMA backbones. .. 93 
Figure 4.5. DSC heat flow graphs showing the second heating (top) and cooling (bottom) cycles 
for all functional materials. ........................................................................................................... 95 
Figure 5.1. Pour point results for grafted (C22) PSMA materials of similar backbone length (5-
6k g mol-1) with different structure and composition measured in two different oil groups (II and 
III). ............................................................................................................................................... 113 
Figure 5.2. Pour point results for alternating PSMA (DP = 28 vs. DP = 250) of different 
backbone length (5k vs. 50k g mol-1, respectively) grafted with either lauryl (C12) or behenyl 
(C22) side chain, measured in two different oil groups (II and III). ........................................... 114 
Figure 5.3. Pour point results for alternating PSMA (DP = 28 vs. DP = 250 vs. 4xDP = 60) 
grafted with lauryl (C12) side chain, PLaurylAc (DP = 60), and Lubrizol internal reference 
(LZPP3) measured in two different oil groups (II and III). ........................................................ 115 
  
xiv 
List of Tables 
Table 2.1. Apparent chain transfer constant determined by the Mayo method at 90 °C in bulk. 37 
Table 2.2 Conditions and results for the determination of the apparent chain transfer constant by 
the Walling & Moad method for styrene [5 M] polymerisation at 90 °C in toluene-d8................ 39 
Table 2.3 Conditions and results for styrene polymerisation (DP10 – 5 M) using CTA-Ester and 
PABTC. SEC in THF with PS standards. ..................................................................................... 41 
Table 2.4 Conditions and results for methacrylates polymerisation (DP100 – 1.25 M) using CTA-
Ester in toluene at 90 °C. ............................................................................................................... 43 
Table 3.1. Feature summary for polymer after each step ............................................................. 57 
Table 4.1. PSMA backbone features ............................................................................................ 83 
Table 4.2. Evolution of PSMA features after grafting ................................................................. 87 
Table 4.3. Features of materials in solution .................................................................................. 89 
Table 4.4. Refractive index increments used for triple-detection SEC method. .......................... 99 
Table 5.1. Polymer Material Features ........................................................................................ 111 
Table 5.2. Pour point values for the different polymer-oil formulations ................................... 112 





List of Schemes 
 
Scheme 3.1. Schematic representation of the one-pot synthesis of a multisite copolymer by 
sequential single monomer unit insertion and chain extension by RAFT and subsequent 
functionalisation by post-polymerisation esterification. ............................................................... 56 
Scheme 4.1. Synthesis of well-defined grafted PSMA copolymers using optimised RAFT 
polymerisation with industrial CTAs and post-polymerisation esterification of MAnh units. ..... 81 
Scheme 4.2. Synthesis of the 4xCTA by Dean-Stark esterification. ............................................ 82 
Scheme 5.1. General route for the synthesis of graft PSMA materials by RAFT and 




List of Publications 
The following publications have been produced from the work detailed in this thesis. 
 
From the work presented in Chapter 3: 
Functional multisite copolymer by one-pot sequential RAFT copolymerization of styrene and 
maleic anhydride 
Moriceau, G.; Gody, G.; Hartlieb, M.; Winn, J.; Kim, H.; Mastrangelo, A.; Smith, T.; Perrier, S. 
Polym. Chem. 2017. 
 
From the work presented in Chapter 4: 
Influence of grafting density and distribution on material properties using well-defined alkyl 
functional poly(styrene-co-maleic anhydride) architectures synthesised by RAFT 
Moriceau, G.; Tanaka, J.; Lester, D.; Pappas, G.; Cook, A.; O’Hora, P.; Winn, J.; Smith, T.; and 
Perrier, S. - To be submitted 
 
From the work presented in Chapter 5: 
Well-defined alkyl functional poly(styrene-co-maleic Anhydride) architectures as pour point and 
viscosity modifiers for lubricating oil. 








Reversible addition-fragmentation chain transfer (RAFT) polymerisation was exploited to 
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comonomer system (polystyrene-co-maleic anhydride or PSMA). 
Prior to synthesising well-defined materials, the purity of the industrial grade CTA-Ester from 
Lubrizol (c.a. 80 %) and its performances (Ctr and kinetics) for styrene and methacrylates (methyl 
and lauryl) monomers were determined. RAFT polymerisation conditions were optimised and a 
polystyrene macroCTA (DP = 10) with controlled molar mass, narrow dispersity and high 
livingness was obtained. 
A one-pot sequential monomer addition strategy was developed to synthesise a multisite 
copolymer composed of a polystyrene backbone (DP = 50) with maleic anhydride units inserted 
locally (every 10 units in average). The subsequent functionalisation of maleic anhydride moieties 
with long aliphatic alcohols (stearyl/C18) yield to a graft material with low density of alkyl side 
chains. 
A library of well-defined PSMA materials with various composition (alternating, block, 
multiblock, and multisite) and topology (linear, star, and graft) was also achieved. The subsequent 
functionalisation of the PSMA copolymers with various aliphatic alcohols (lauryl/C12 and 
behenyl/C22) allowed the preparation of graft materials with controlled density and distribution 
of side chains. The influence of copolymer composition and structure, and the effect of long alkyl 
chain addition on the physical and thermal properties of the materials, were demonstrated. 
Finally, the well-defined graft PSMA materials were investigated as rheology modifiers in two 
mineral oils (group II and III) and the influence of polymer composition, grafting density and 
distribution, molar mass, and side chain length on pour point, viscosity index (VI) and thickening 
efficiency (TE) were investigated. The performances of graft PSMA materials as oil and lubricant 
additives were demonstrated. 
 
Chapter 1: General Introduction 
1 
 Industrial Challenges in RAFT technology 
 
Abstract 
The success of free radical polymerisation in industry arises from its numerous 
advantages such as, scalable process, compatible with a wide range of monomers and low 
cost. With the emergence of reversible deactivation radical polymerisation (RDRP) in the 
90s, a new era began in materials science. The development of RDRP techniques have 
enabled the synthesis of highly complex polymeric architectures (for example blocks, 
stars and brushes) with controlled molar mass, narrow dispersity, and tailored 
functionality. Access to well-defined functional materials with original properties is 
beneficial to improve current technologies and offers the possibility for the creation of 
new markets. Among the RDRP techniques, reversible addition-fragmentation chain 
transfer (RAFT) technology has been described as one of the most promising. With the 
recent expiration of the original RAFT patents, RAFT technology is now considered as a 
method of choice for the large scale production of well-defined complex polymeric 
materials and is expected to play an increasing role in the development of future materials 
and their associated markets. 
This chapter provides an overview of RAFT technology and discusses its strength and 
challenges. The basic principles of RAFT polymerisation are introduced and the key 
points for an optimised RAFT process summarised. Current industrial applications are 
presented and the future industrial developments are put into perspective. A brief 
introduction of Lubrizol interests is provided to establish the context and understand the 
work presented in this thesis.  
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2 
1.1 Radical Polymerisation: Evolution and Current Market 
Since the discovery of synthetic rubber in the early 1910s (F. Hofmann) and it subsequent 
industrial production (Bayer AG), the plastic industry has continuously grown (9% a year 
on average between 1950-2012) where the total volume of plastic materials generated per 
year reached 335 million tonnes in 2016.1-3 Among these plastics, approximately 50% are 
made by radical chemistry, ranking the radical polymerisation industry at the top of plastic 
producers.4 The main reason for this industrial success is found in the numerous 
advantages of the radical process compared to other polymerisation techniques (easy to 
process and implement in large scale, compatible with a wide range of monomers, 
tolerance towards many functional groups and impurities, compatible with protic solvent 
including water, batch-to-batch reproducibility and low cost). Free radical polymerisation 
(FRP) is now considered as a mature technology and is perfectly suited for the production 
of the large volumes of commodity plastics which enrich the lives of millions of people 
on a daily basis. However, the FRP process is inefficient for the synthesis of well-defined 
polymers with controlled molecular structure, and predetermined and narrow molar mass 
distributions. These limitations were overcome in the 90s with the emergence of 
reversible-deactivation radical polymerisation (RDRP) techniques, also known as 
controlled/living radical polymerisation (LRP). RDRP techniques were developed after 
much effort to understand and integrate previous developments from the field of organic 
chemistry, conventional radical polymerisation and living ionic polymerisation (Figure 
1.1).5 
 
Figure 1.1. Development of CRP by integration of advances in several field of chemistry. Figure 
reprinted from Matyjaszewski et al., 2005).  
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The main RDRP techniques including, nitroxide-mediated polymerisation (NMP),6, 7 
metal-mediated radical polymerisation (including atom transfer radical polymerisation, 
ATRP and SET-LRP),8-12 and reversible addition-fragmentation chain transfer (RAFT) 
polymerisation,13-15 have been used for the last twenty years at both academic and 
industrial level. RDRP participated greatly in the improvement of existing material and 
device performances, and led to new applications in a wide range of fields including 
macromolecular engineering, materials science, electronics, energy, healthcare and 
biotechnology. Besides the ability to synthesise materials with controlled molar mass and 
narrow dispersity, these techniques have provided a versatile route to prepare well-
defined materials with specific monomer composition and distribution (alternating, 
block/multiblock, multisite and gradient copolymers), complex architectures (star, comb, 
brushes and hyperbranched), and with tuneable functionality (telechelic and miktoarm) 
(Figure 1.2). This allows for the design of materials with specific features and properties 
(amphiphilic materials, self-assembly or responsive) with applications in many relevant 
fields including: drug delivery (prodrugs, nanoparticles or bioconjugates), biomedical 




Figure 1.2. Summary of polymer designs achievable using RDRP techniques. (Figure reprinted 
from Matyjaszewski, 2011).16  
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RDRP techniques have already played an important role in the development of many 
applications and participated in the emergence of new markets of speciality polymers 
including adhesives, compatibilizers, cross-linkers, dispersants, emulsifiers, surface 
modifiers, rheology modifiers, antiscale agents and foam control agents. The main 
associated industries are nanotechnology, aerospace, aircraft, automobile, energy, 
electronics, paint and coatings, water treatment, metal treatment, agriculture, 
pharmaceutical and biomedical technologies, home and personal care and cosmetic. 
However, despite a 20 billion dollar per year market predicted in 2000, limited 
commercial examples of large-scale RDRP products have emerged.17 Besides a wide 
range of intellectual property covering these technologies, the main limitation to the rapid 
industrial development of all modern RDRP techniques is the lack of large scale 
availability of control agents and inherent complications linked to their nature (cost-
performance balance, stability, toxicity and ecological viability).18 Nonetheless, it is 
predicted that the intensive research to implement RDRP control agents and the recent 
expiration of the original RAFT patents will lead to new industrial developments. The 
industrial developments using RDRP techniques were described in a recent review by 
Destarac.19 
 
1.2 The RAFT Technology 
Since its discovery in 1998, independently by two research teams working in close 
collaboration with industry (Zard et al. at Rhodia/Solvay and Rizzardo et al. at CSIRO in 
collaboration with Dupont), the RAFT technology has been described as the most 
versatile and powerful radical polymerisation technique for the synthesis of well-defined 
polymers with complex chemical architectures (diblock, multiblock, hyperbranched and 
star).20-23 The RAFT technology combines features from “living” polymerisation (control 
of Mw and Ð) and the versatility of conventional free radical process as only the RAFT 
agent is added to the conventional polymerisation setup.23 RAFT is applicable to a wide 
range of monomer types including styrenics, (meth)acrylates and (meth)acrylamides, 
vinyl esters (e.g. vinyl acetate) and vinyl amides (e.g. N-vinylpyrrolidone). The process 
is compatible with a broad variety of reaction conditions, such as polymerisation in bulk, 
solution or heterogeneous media (emulsion, inverse emulsion). Moreover, it is tolerant to 
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a variety of solvents including most organic solvents, protic solvents such as methanol or 
water, supercritical CO2 and ionic liquids.14 For these reasons, RAFT polymerisation has 
been adopted as a powerful tool by the scientific community to generate materials with a 
broad range of applications from materials science to medicine. Since its first report, a 
growing interest from both academia and industry was observed, as shown by the 
numerous scientific publications (>300 reviews and >8000 publications) and the number 
of patents filled (>1000 patent applications from over 100 companies).23 With the recent 
expiration of the original RAFT patents (CSIRO, Dupont, and Rhodia/Solvay), an 
increase of commercial exploitation and the creation of new markets based on the RAFT 
technology is thus expected. Recent industrial developments using RAFT technology are 
discussed below and more details on the practical aspects of RAFT polymerisation can 
be found in a recent perspective by Perrier.23 
 
1.2.1 RAFT mechanism and process optimisation 
The general mechanism of RDRP techniques is based on a rapid equilibrium between 
active and dormant chains, which can be achieved by either reversible 




Figure 1.3. Different RDRP mechanisms.  
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In a degenerative transfer system, there is no change in the overall radicals during the 
activation-deactivation process, as the chain transfer reaction generates a new 
propagating radical and a new chain transfer agent with the same reactivity as the original 
chain carrier and chain-transfer agent.24 In contrast with the reversible deactivation 
systems (based on persistent radical effect), an external source of radicals is required for 
the degenerative process (e.g. decomposition of azo/peroxide compounds).25 This is a key 
requirement in RAFT process, which, in combination with appropriate polymerisation 
conditions, allows the control of the polymerisation rate (Rp) and the number fraction of 
living chains (L, “livingness”). This is illustrated in equation 1.1 and 1.2 where the 
initiator concentration is shown as an important parameter. 
 
𝑅𝑝(𝑡) = 𝑘p. [𝑀]. √






where Rp is polymerisation rate, kp is the propagation rate coefficient, [M] the monomer 
concentration, f the initiator efficiency, kd the decomposition rate coefficient of the 










where L is the number fraction of living chains (assuming negligible irreversible chain 
transfer events), [CTA]0 and [I]0 are the initial concentration of chain transfer agent and 
initiator, respectively. The term ‘2’ is included as one molecule of azo-initiator generates 
two radicals with a certain efficiency f (typically 0.5 for diazo-initiators). The term 1-fc/2 
represents the number of chains produced by bimolecular terminations with a coupling 
factor fc (fc = 1 means 100% bimolecular termination by combination; fc = 0 means 100% 
bimolecular termination by disproportionation). 
Similarly to the free radical polymerisation process, the RAFT mechanism begins with 
an initiation step and the generation of radicals (Figure 1.4). The active radical species 
formed (In•) will then react with the RAFT agent (chain transfer agent, CTA), typically a 
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thiocarbonylthio moiety (e.g. dithioesters, trithiocarbonates or xanthates), through the 
C=S bond (kadd) to give a radical intermediate (active-dormant chain pre-equilibrium). 
During the pre-equilibrium step, the intermediate radical reversibly fragments towards 
either the initial radical species (k-add I) or the re-initiating R• group (kfrag R), depending on 
the efficiency of the CTA with the respect to the monomer used (see next section). The 
R• group can then add back onto the radical intermediate (k-frag R) or reinitiates 
polymerisation by adding to the monomer (kre-in), starting a new propagating polymer 
chain (kp). Once the CTA has been entirely consumed and macroCTAs are the sole 
transferring species, the RAFT process enters chain equilibration (main equilibrium). 
Ideally, the rate of activation/deactivation (addition/fragmentation) is higher than the rate 
of propagation (less than one monomer unit added per cycle) and therefore all chains have 
equal opportunity to grow (growing at the same rate), ultimately yielding control over 
molar mass distribution. 
 
 
Figure 1.4. Representation of RAFT mechanism.  
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At any given time during the main equilibrium, most of the chains are in a dormant state 
and, when released, they are free to propagate, undergo chain transfer or terminate as in 
conventional free radical polymerisation. Termination reactions (kt) occur either through 
combination (ktc) or disproportionation (ktd). In contrast with reversible deactivation 
systems (e.g. NMP and ATRP), termination events do not lead to a loss of transfer 
moieties (“livingness”), but the number of chains with the thiocarbonylthio end-group (ω 
end-group) remain constant over the reaction time regardless of the amount of termination 
events. It is important to note that RAFT polymerisation produces chains with and without 
a thiocarbonylthio ω end-chains (living and dead respectively), and chains with different 
α end-chains depending on the nature of the initiation (chains with RAFT agent R group 
and initiator derived chains). Remarkably, the relative number of these chains can be 
predicted from the number of radicals generated and the number of CTA used during the 
reaction time.23 In the case of thermally initiated systems (diazo/peroxide), the amount of 
radicals produced (dead chains) is accessible via the initiator rate of decomposition 
expressed by its half-life (t1/2). The concentration of radicals produced over time is 
obtained from kinetic and Arrhenius equations: 
 




𝑘𝑑 = 𝐴 × 𝑒
−𝐸𝑎/𝑅𝑇 𝑎𝑛𝑑 𝑡1/2 =  ln 2 /𝑘𝑑 1.4 
 
where [Init]t and [Init]0 are the initiator concentration at time t (s) and t0, kd is the rate 
coefficient of the initiator decomposition at considered temperature, A is the Arrhenius 
frequency factor, Ea is the activation energy for initiator decomposition, 
R = 8.3142 J/mol.K, T is the temperature (K), and t1/2 is the half-life (s). 
Considering the number of radical species generated is generally low compared to CTA 
in an optimised RAFT reaction, a high fraction of α, ω-functionalised chains is 
maintained, giving defined polymers with high chain-end fidelity. Importantly, these end-
groups can be used for post-polymerisation modifications yielding functional polymers.  
Besides the initiator concentration, other parameters can be tuned to optimise the 
polymerisation process. For instance, it is possible to maintain a high rate of 
polymerisation by using monomers with a high propagation rate (kp) at high concentration 
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(e.g. acrylamides), and initiators with high efficiency (f) or high decomposition rate 
(kd).
26, 27 Tuning these parameters can allow a fast polymerisation rate while using a lower 
initiator concentration, and maintaining a low number fraction of dead chains (equation 
1.2). The optimisation of the RAFT process is of great importance for the synthesis of 
complex copolymers such as multiblock structures requiring sequential chain extension. 
By exploiting the degenerative process and optimising the conditions, the synthesis of 
multiblock copolymers at full conversion and a number of blocks as high as 20 was 
achieved recently.28 This methodology has been used in this project for the synthesis of 
well-defined polymeric architectures (multisite, alternating, block and multiblock, and 
star copolymers) and the results are presented in chapter 3 and 4. 
 
1.2.2 RAFT agents: features and availability 
The RAFT process relies on the addition of a RAFT agent which is essential to obtain 
controlled polymerisation. A wide range of efficient RAFT agents is now available 
allowing the controlled polymerisation of a variety of vinyl monomers including “More 
Activated Monomers” (MAMs), such as butadiene, isoprene, styrene, (meth)acrylates and 
(meth)acrylamides, and maleic anhydride, and “Less Activated Monomers” (LAMs) such 
as vinyl acetate, N-vinylpyrrolidone, vinyl chloride, and 1-alkenes.15, 29, 30 The 
classification of a monomer as a MAM or LAM reflects its ability to react in a free radical 
process. It depends on the stability of the macroradical formed and is influenced by 
electronic stabilisation and steric factors. The selection of the RAFT agent is a key aspect 
to obtain optimal control over RAFT polymerisation and is achieved by an appropriate 
selection of the Z and R group depending on the type of monomer polymerised. 
Fortunately, the influence of the R- and Z- group has been extensively reviewed and 
general guidelines are available (Figure 1.5).30-33 The Z group modifies the reactivity of 
the thiocarbonylthio group (C=S) towards radical addition and governs the stability of the 
intermediate radical (Figure 1.4). For optimised RAFT, it is important to favour the 
formation of the intermediate by ensuring a higher reactivity of the C=S bond towards 
radical addition than the C=C bond of the monomer. The R group also influences the 
reactivity of the thiocarbonylthio group (C=S) towards radical addition and plays a crucial 
role in the reinitiation process. The R group must be a good leaving group to promote 
fragmentation (high kfrag R) and must be able to rapidly reinitiate propagation (high kre-in) 
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Figure 1.5. Guidelines for the selection of appropriate CTA depending on monomer polymerised. 
a) Selection of R group. b) Selection of Z group. Plain line indicates good control whereas dashed 
line indicates partial control (i.e. control of molar mass but poor control over dispersity or 
substantial retardation in case of LAMs). Figure reprinted from Perrier, 2017 and adapted from 
Keddie et al., 2012.  
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These factors impact directly the efficiency of the RAFT agents, defined in terms of a 






















The chain transfer constant, Ctr describes the reactivity/affinity of the propagating radical 
(In•) towards the thiocarbonylthio moieties, and the partition coefficient ϕ indicates the 
preference for the radical intermediate (or macroradical intermediate) to fragment either 
towards the re-initiating radical or towards the starting material. For a RAFT agent with 
a high chain transfer constant, the radical is rapidly exchanged among the chains (one or 
less monomer unit added per activating-deactivating cycle), leading to a higher 
probability for the chains to grow at similar rate.34, 35 A number of methods have been 
used for the determination of chain transfer constants of RAFT agents and the 
conventional approaches include the Mayo plot method and the Walling & Moad 
method.31, 33, 36-38 In these methods, the chain transfer constant is obtained from 
experimental data and derived from approximated mathematical equations thus, it is 
usually reported as the apparent chain transfer constant (Ctr
app). The determination of 
Ctr
app allows for direct evaluation of RAFT agents activity, however, the comparison must 
be made for one type of monomer polymerised in similar conditions, especially 
temperature.  
These methods have been used for the evaluation of the industrial CTA-Ester provided 
by Lubrizol for this project and are presented in more detail in Chapter 2.  
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The different classes of accessible RAFT agents (Figure 1.6) including dithioesters (Z 
= C-alkyl or aryl), trithiocarbonates (Z = S-alkyl), xanthates (Z = O-alkyl), and 
dithiocarbamates (Z = N-alkyl) allow the controlled polymerisation of monomers with 
various reactivity (MAMs and LAMs), however, their efficiency is generally limited to a 
specific monomer category.39 Generally, the more active RAFT agents such as 
dithiobenzoates, or trithiocarbonates are more adapted for polymerisation of MAMs 
(relatively good leaving groups), as they help with the stabilisation of the intermediate 
radical and provide a high rate of chain transfer with respect to propagation. In contrast, 
less active RAFT agents such as xanthates and dithiocarbamates are typically used for 
LAMs (poor leaving group), requiring less stable intermediate radicals to favour 
fragmentation of the propagating radical. 
 
 
Figure 1.6. General classes/structures and features of popular RAFT agents.15, 23  
Chapter 1: General Introduction 
13 
Among the different classes of RAFT agents, dithiobenzoates(Z = C-aryl) offer the best 
control over polymerisation of MAMs including good control of methacrylates and 
methacrylamides, however, their instability (hydrolysis), retardation for certain MAMs, 
and inhibition over LAMs polymerisation limits their applications (Figure 1.6). 
Trithiocarbonates exhibit good overall activity for the polymerisation of MAMs, are 
relatively stable, and are accessible by simple synthetic procedures. Xanthates and 
dithiocarbamates are versatile CTAs providing great overall control over LAMs and 
relative control over MAMs. This was used to synthesise block copolymers of MAMs 
(e.g. acrylamides and acrylates) and LAMs (e.g. vinyldiene fluoride,40 vinyl acetate,41, 42 
and N-vinylpyrrolidone43).23 The recent developments on “switchable” RAFT agents 
(Figure 1.6) have also allowed the synthesis of poly(MAMs-b-LAMs) from monomers 
with very different reactivity (e.g. styrene and vinyl acetate).42, 44-46 Generally, the 
controlled synthesis of block copolymers through sequential monomer addition requires 
the selection of an appropriate type of RAFT agent and a specific order of monomer 
addition. The RAFT agent’s R group must be a good leaving group with respect to the 
first monomer polymerised, and the Z group must be compatible with following 
monomers. After the first block synthesis, the R group becomes a polymer chain 
containing the first monomer (macroCTA), thus, the choice of the following monomer 
must be made accordingly. As in most RDRP systems, the more active monomers (better 
leaving group) must be polymerised first to ensure the good fragmentation of the R group 
from the macro CTA. Moreover, several alternating methods have been recently reported 
to either activate the RAFT agent or artificially increase its efficiency (Ctr), leading to 
better control of polymerisation of LAMs and synthesis of poly(MAMs-b-LAMs).47, 48 
For instance, monomer feeding (semi-batch) has been used for the synthesis of 
copolymers beginning with a less activated monomer.48 The feeding process allows to 
artificially increase the CTA efficiency (Ctr) by encouraging the fragmentation-
propagation of the R group from the initial CTA or macroCTA. This strategy was recently 
explored to increase the reactivity of Lubrizol’s CTA-Ester for the controlled synthesis of 
methacrylate monomers.49 
To control (co)polymerisation of both MAMs and LAMs, and achieve complex 
copolymers, a wide range of RAFT agents are now commercially available. Several 
companies such as Strem Chemicals,50 Sigma-Aldrich,51 and TCI52 can provide small 
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quantities of various RAFT agents for research purposes (under CSIRO licence). Boron 
Molecular,53 a spin-off company from CSIRO, has been recently licenced to manufacture 
and supply both research and commercial quantities of RAFT agents.53 Moreover, a few 
other examples of industrial scale-up of specific RAFT agents have been reported 
(Rhodixan A1,18 Blockbuilder DB54 and CTA-Ester55), however, they are not commercial 
yet, and can be obtained on demand only (Figure 1.6). In the 2000s, the availability of 
RAFT agents was presented as a major limitation for the industrial development of RAFT 
technology, however, a range of RAFT agents are now accessible (from grams to metric 
tons) removing limitations to the development and commercialisation of new polymers, 
and promoting the creation of new markets based on RAFT technology. 
In this project we have studied the performance of the non-commercial CTA-Ester 
produced in large scale by Lubrizol. The features and performance of industrial grade 
CTA-Ester on methacrylates and styrene RAFT polymerisation are presented in 
Chapter 2. 
 
1.2.3 Industrial applications 
1.2.3.1 Strengths and limitations of RAFT 
With a process similar in many aspects to the well-established free radical polymerisation, 
RAFT technology has distinct advantages over competing technologies, providing solid 
bases for an industrial development. Scaling-up RAFT polymerisation is purely 
implemental and requires minimal adaptation of traditional reactor setups.18, 23, 56 As 
discussed above, RAFT allows the controlled polymerisation of a broad range of 
monomers including vinyl esters (e.g. vinyl acetate), vinylamides (e.g. N-
vinylpyrrolidone), providing an advantage compared to other techniques, such as NMP 
and ATRP, typically providing minimal control.29 Furthermore, RAFT offers some 
advantages with respect to free radical polymerisation as it allows preparation of ethylene 
polymer with reduced branching (backbiting), and enables the introduction of functional 
groups within polyethylene by copolymerisation with vinyl acetates.57 In addition, while 
conventional polymerisation of dienes (e.g. butadiene, isoprene and chloroprene) 
typically leads to cross-linking relatively early in the reaction, RAFT enables much higher 
conversions before gelation of the system.58 Moreover, RAFT is compatible with a range 
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of solvents (including aqueous) and can be performed in bulk, homogeneous solution and 
heterogeneous systems such as emulsion or dispersion.59-62 Recently, RAFT 
polymerisation was performed in continuous flow reactors, a processing system which 
has recently grown in interest for the large scale production of complex polymeric 
architectures, demonstrating again the versatility of the RAFT technique.63-67  
The initial limitations linked to the RAFT agents (availability and end group removal) 
seems to be overcome today, as a wide range of RAFT agents are commercially available, 
and a number of methods have been developed to remove or take advantage 
(functionalisation) of RAFT agent end-groups.68-70 Moreover, with the expiration of the 
original RAFT patents by the end of 2018 (CSIRO, Dupont, Rhodia/Solvay), the major 
limitation due to the extensive intellectual property will disappear, allowing more scope 
for commercial uses and the creation of new markets. The current developments in RAFT 
technology involve major international companies including Dupont, Solvay, Arkema, 
Lubrizol, Agfa Graphics, DSM, L’Oréal, Baush&Lomb, Syngenta, and Unilever.19, 23 
Their interest in RAFT technology lies in the design of complex polymeric architectures 
inaccessible by conventional technologies and which exhibit original properties for the 
development of high performance materials. The major fields of application include paint 
and coating (pigment dispersants), energy (oil, fuels, batteries, and solar cells), adhesives, 
cosmetics, dispersants, electronics, lubricants, biomedical, drug delivery, and 
agrochemicals. 
1.2.3.2 Applications: 
Over time, RAFT technology has been exploited through different aspects almost 
exclusively by the CSIRO with Dupont and Solvay/Rhodia. Several companies have now 
shown their interest and a few examples of industrial developments were recently given 
in a perspective by Perrier and a review by Destarac.19, 23 
CSIRO has been harnessing its invention through a technology alliance with Dupont, and 
one of the first commercial applications of RAFT technology was developed in 
collaboration with Orica (Dulux) as an environmentally-friendly paint with enhanced 
flow, adhesion, abrasion resistance and durability.71, 72 More recently, CSIRO have shown 
interest in several fields of application such as optoelectronics (photovoltaics, OLEDs 
and sensors),73, 74 metal organic frameworks (MOFs),75 personal care,76 biomedical 
(RNAi and drug delivery, and antimicrobials),77-80 and processing development for the 
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synthesis of highly defined polymers (light-induced RAFT, high-throughput and 
continuous flow).81-83  
In the 2000s Solvay (Rhodia) reported their first commercial product based on xanthate-
mediated RAFT technology (so-called MADIX), as non-ionic amphiphilic block 
copolymers for emulsion stabilisation (Rhodibloc® RS).18, 84 In the 2010’s, Solvay 
extended their portfolio of diblock technologies by developing a new series of block 
copolymers as cementing additives (fluid loss and gas migration control) for oilfield 
application (Rhodibloc® FL and Rhodibloc® GC).85-88 Solvay has continued to be active 
with block polymers for the oilfield, and has developed micellar RAFT/MADIX 
polymerisation process, a direct aqueous route to synthesise amphiphilic block 
copolymers.89, 90 Solvay also recently showed their interest in RAFT polymerisation-
induced self-assembly (PISA) in emulsion for the synthesis of surfactant-free latexes of 
vinyldiene chloride polymers with application in the packaging industry.91, 92 
Lubrizol has been also exploring RAFT technology and developed their first commercial 
product in 2011, under licence from CSIRO.93 Lubrizol developed the large scale 
production of CTA-Ester (Figure 1.6) and exploited the RAFT process for the production 
of star-shaped methacrylate polymers (Asteric™) for commercial application in lubricant 
technology.55 Recently, Lubrizol have shown particular interest in RAFT technology for 
the development of complex polymeric architectures such as well-defined graft 
copolymers, copolymer brushes, and multiblock star copolymers for application in 
biomedical, lubricants, oilfield, and paint industries.94-96 The work presented in this thesis 
was supported by Lubrizol and had for objective of developing materials with potential 
application in lubricants and oilfields. 
DSM also exploited RAFT technology for the preparation of a series of latexes with 
controlled surface functionalisation for application in coatings with improved surface 
properties. Functional amphiphilic copolymers were used for surfactant free emulsion 
polymerisation resulting in latexes with tailored functionality. For instance, films with 
improved properties were developed through the use of latexes containing cationic 
charged chains (e.g. anti-microbial activity, anti-static properties),97 crosslinkable 
moieties (e.g. improved mechanical properties, solvent or strains resistance, and 
improved adhesion),98 crystalline side chains (e.g. improved physical properties for 
packaging) and metal binding moieties (e.g. anticorrosion).99 Recently DSM and BASF 
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have shown a similar interest in PISA for the preparation of diblock copolymer nano-
assembly/nano-objects.100-103 BASF has been also exploring RAFT technology for the 
development of textile surface modifiers using amphiphilic triblock copolymers.104  
Other example of applications of RAFT technology can be found in biomedical and 
pharmaceutical companies (e.g. Phase RX and Nexgenia) with the development of drug 
delivery systems using stimuli-responsive polymers and polymer-drug conjugates.105-107 
1.2.4 Future directions of RAFT 
The RAFT process is now established as a versatile and robust synthetic tool for the 
development of materials with original properties and has demonstrated its industrial 
potential. Among the various polymeric architectures achievable by RAFT, diblock, stars 
and branched copolymers have been extensively studied and exploited by industries for 
typical applications such as, dispersants, emulsifiers, compatibilizers and rheology 
modifiers. Recently, considerable attention has been focused on implementing the RAFT 
process for efficient production of complex materials and facilitating their industrial 
developments. For instance, promising advances have been made in continuous flow 
processing, light-induced/photocontrolled RAFT polymerisation (direct photolysis, PET-
RAFT), microwave-assisted RAFT and heterogeneous polymerisation systems 
(dispersion and emulsion PISA).19, 23, 108, 109  
The continuous flow reactor processing offers excellent control over exothermic reaction, 
simplicity of operation, high throughput rates, uniform product quality, relatively low 
operating costs, and is a promising alternative process for the large scale production of 
complex organic molecules and polymer materials.64-66, 108, 110-114 Photocontrolled RAFT 
polymerisation (direct Photolysis-RAFT and PET-RAFT) has been intensively studied 
recently and provides advantages such as room temperature processing and temporal 
control on polymerisation reaction (switch on and off).115-118 Recent advances have shown 
the combination of photocontrolled RAFT polymerisation with continuous flow 
processing and emulsion polymerisation.66 Recently, photocontrolled RAFT was 
exploited for the synthesis of well-defined copolymers (block and multiblock), sequence 
controlled copolymers, and ultra-high molecular weight (UHMW) polymers.81, 119, 120 The 
microwave assisted RAFT polymerisation was also considered to improve polymerisation 
reaction rates and achieve higher monomer conversions, however, scale-up of microwave 
processes remains challenging.121-123 Furthermore, polymerisation-induced self-assembly 
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(PISA) in emulsion or dispersion using RAFT has recently emerged as an efficient and 
robust approach to produce block copolymer nano-objects with controlled size, 
morphology, and surface chemistry. Because of its advantages, including versatility, 
efficiency, cost-effectiveness, and potential scalability, the PISA process is now 
considered as a promising route to synthesise amphiphilic diblock copolymers for 
commercial applications.91, 92, 124-128  
Moreover, significant efforts have been directed toward the preparation of advanced 
polymers with tunable monomer sequences (multisite, multiblock and gradient 
copolymers).28, 81, 108, 129-131 The importance of controlling monomer distribution to tune 
the physicochemical and biological properties of copolymers has been demonstrated in 
several recent studies.132-140 Gradient copolymers have already attracted much attention 
from academia and industry as they exhibit original properties (broad glass transition and 
improved interfacial stabilisation) useful for applications including shock and noise 
absorbing materials, emulsifiers and dispersants.139, 141-144 Multiblock copolymers have 
also gained interest and were used in recent studies to investigate the effect of polymer 
microstructures on diverse properties such as thermal behaviours or antimicrobial 
activity.132, 135 In this thesis, significant efforts were dedicated to the synthesis of 
copolymers with controlled comonomer distribution (multisite, block, multiblock and 
alternating) and various architectures (linear, star and grafted copolymers) to study the 
relation between structure and properties for application in lubricants (pour point 
depressants and viscosity modifiers). 
Another challenge is the controlled synthesis of ultra-high molar mass copolymers giving 
access to materials with high mechanical strength and, at the same time, reducing the cost 
associated with the CTA.120 145, 146 Furthermore, with the recent progress in the 
polymerisation of challenging monomers such as ethylene, diene, vinyl chloride, 
fluorinated monomers and cyclic ketene acetals, the development of new materials is 
likely.40, 57, 58, 147-150 Cyclic ketene acetals are particularly interesting as their 
copolymerisation with traditional vinyl polymers allows the incorporation of degradable 
ester linkages into vinyl polymers backbones. This is a very promising advance towards 
the development of new degradable/environmental-friendly materials. Beyond these 
considerations, RAFT polymerisation has also gained a lot of attention for the synthesis 
of polymer conjugates for biomedical application (peptide, protein, drug and 
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RNA/DNA),151-153 the synthesis of advanced architectures (star, cyclic polymers and 
single chain nanoparticles),154-157 and material surface and interface engineering.158 
 
1.3 PSMA Materials by RAFT 
Poly(styrene-alt-maleic anhydride) (PSMA) are interesting materials combining 
sequence controlled monomer distribution (alternating) and facile access to highly 
functional materials.159-163 PSMAs are popular materials in industry where they are 
commonly used as intermediates of specialty polymers, polymeric surfactants, 
compatibilizers and high functionality cross-linking agents. PSMA materials and their 
derivatives have been used for diverse applications including paper sizing, coatings, 
pigment dispersions, inks and over print varnishes formulations, leather retanning, 
microelectronics fabrication and processing, plasticisers and as rheology modifiers to 
name few.164-167 
Lubrizol is one among the numerous companies using the great properties of PSMA 
materials and develops polymeric additive technologies for paint, coatings, lubricants, 
and fuels.168, 169 Lubrizol has been using PSMA as viscosity modifiers for various 
applications including performance improvers for automatic transmission fluids and 
hydraulic fluids (shear stability, low temperature fluidity, and dispersing activity). Alkyl 
functionalised PSMA have been particularly useful in improving low temperature 
performance of oil derivatives. Their performance as pour point depressants has also been 
demonstrated in literature.170-174 However, because PSMAs are produced industrially 
using a free radical polymerisation process, their study is restricted to PSMA materials 
with limited control of molecular composition and structure. With the recent development 
in controlled radical polymerisation techniques, it is now possible to synthesise PSMA 
with complex architectures allowing the development of materials with new properties. 
The RAFT polymerisation of well-defined PSMA copolymers is already established.159, 
175-178 Therefore the RAFT process appears as a method of choice to develop advanced 
PSMA materials with potential interest for Lubrizol activities. 
  
Chapter 1: General Introduction 
20 
1.4 Scope of the thesis 
The overall aim of this project is to exploit RAFT polymerisation to synthesise graft 
copolymers with potential application in oil industry. 
This project was conducted in collaboration with Lubrizol, one of the few industrial 
companies which have developed large scale production of RAFT agents (CTA-Ester) 
and scaled up the RAFT polymerisation process. To anticipate industrial production of 
the materials synthesised in this study, the RAFT polymerisation process was optimised 
using industrial grade CTA-Ester from Lubrizol. In order to develop materials with 
original properties, the synthesis of well-defined PSMA materials by RAFT was 
investigated. The synthesis of PSMA by free radical polymerisation is limited to 
alternating PSMA with poor structural control and yielding highly grafted materials after 
functionalisation. In this project, RAFT polymerisation was exploited to synthesise well-
defined PSMA with control of density and distribution of side chain functionality, and 
study the effect on rheology properties. 
 In chapter 2, we investigated the purity of the CTA-Ester provided by Lubrizol 
and evaluate its performance for RAFT polymerisation of styrene and methyl 
methacrylate, two monomers of Lubrizol interest. 
 In Chapter 3, we develop a one-pot sequential monomer addition strategy for the 
gram scale synthesis of a multisite PSMA allowing the preparation of graft materials with 
low density of side chains. 
 In chapter 4, we extended the synthetic strategy to prepare a library of PSMA 
materials with various density of side chains. The effect of side chain distribution on 
solution behaviour and thermal properties was also studied. 
 In chapter 5, we evaluate the performance of the PSMA materials as pour point 
depressants and viscosity modifiers in two mineral oils to determine their potential as 
lubricant additives. 
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 Evaluation of Lubrizol CTA-Ester: butyl-2-
methyl-2-[(dodecylsulfanylthiocarbonyl)sulfanyl] propionate 
Abstract 
Prior to synthesising copolymers by RAFT using industrial grade CTA-Ester, the purity 
of the CTA and its performance towards RAFT polymerisation for styrene and 
methacrylates were investigated. The purity of the CTA-Ester (ca. 80 %) was assessed 
using 1H-NMR spectroscopy and the impurities were identified using electron spray 
ionisation-time of flight mass spectrometry (ESI-ToF-MS). The performances were 
probed by measuring the apparent chain transfer constant (Ctr
app) and by studying the 
kinetics of the polymerisation for styrene and methacrylate monomers. The apparent 
chain transfer constant was initially measured using the Mayo Plot method for both 
monomers (Ctr
app = 0.6 for methyl methacrylate and 6 for styrene), before being 
determined with more accuracy by the Walling & Moad method for styrene (Ctr
app = 27). 
Experimentally, CTA-Ester was shown to provide good control over molar mass and a 
narrow dispersity for styrene polymerisation, whereas limited control was obtained for 
methyl and lauryl methacrylates. Optimisation of the RAFT conditions for the preparation 
of a polystyrene macroCTA of DP = 10 (PSty10) is also reported. High conversion 
(conv. > 90 %) and reasonable livingness (L > 95 %) were achieved by using high 
monomer concentration (5 M) and minimum initiator concentration ([CTA]0/[V-40]0 
= 11) in toluene at 100 °C for 10 hrs. 
 
Figure 2.1. Picture of industrial grade CTA-Ester (80 % pure) provided by Lubrizol.  
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2.1 Introduction 
Despite the RAFT process being shown to be easily scalable, the large scale production 
of complex polymeric architectures remains limited and is still a major challenge.1 
Lubrizol is among the few industrial companies which have scaled up the RAFT 
polymerisation process for preparing a variety of architectures, such as star-shaped 
poly(alkyl)methacrylates for application in lubricants and viscosity modifiers (Figure 
2.2 - A).2 The transposition of conventional free radical polymerisation into RAFT 
polymerisation is simple and only requires the addition of a chain transfer agent (CTA), 
however, RAFT agents available in large scale are scarce. For the large scale production 
of star-shaped poly(alkyl)methacrylates by RAFT, Lubrizol requires large quantities of a 
chain transfer agent. As no CTA was commercially available in bulk at that time, Lubrizol 
developed and scaled-up the synthesis of butyl-2-methyl-2-
[(dodecylsulfanylthiocarbonyl)sulfanyl] propionate (CTA-Ester). CTA-Ester is an oil 
soluble trithiocarbonate RAFT agent with (-S-C12H25) as a Z group and a tertiary R group 
containing two methyls and a butyl ester (Figure 2.2 - B). The synthesis of CTA-Ester 
was adapted from the previously developed and published procedure for the synthesis of 
S-1-dodecyl-S’-(α,α’-dimethyl-α’-acetic acid)trithiocarbonate (CTA-Acid).3 
 
 
Figure 2.2 A) Schematic of RAFT polymerisation of Lubrizol’s star-shape molecules.2 B) Structure 
of CTA-Ester. 
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The original synthesis for CTA-Acid involved multiple steps and led to a high level of 
side products due to the use of a phase transfer catalyst producing non-soluble 
intermediates under these conditions. To overcome these issues, Lubrizol developed a 
new procedure in which 1-dodecanethiol, acetone (solvent and reagent), carbon disulfide 
and chloroform were combined in a one-pot process without the need of a phase transfer 
catalyst (Figure 2.3). The first synthetic step involves the reaction of dodecanethiol with 
a base (potassium hydroxide), forming a reactive nucleophilic thiolate species. Dodecyl 
trithiocarbonate potassium salt is then obtained by nucleophilic addition to carbon 
disulfide. At the same time, reactive dichloroepoxybutane is formed via reaction of 
chloroform with acetone in basic conditions. The subsequent ring opening SN2 reaction 
of dichloroepoxybutane with trithiocarbonate salt leads to the formation of an acyl 
chloride intermediate, which is hydrolysed in situ into a carboxylate group due to the 
presence of base. The intermediate carboxylate is then acidified with hydrochloric acid 
(HCl) to yield the desired CTA-Acid in high yield and purity. After a series of aqueous 
washes, phase separation and evaporation, a crude acid intermediate is obtained. CTA-
Ester is then synthesised by subsequent acid catalysed esterification with butanol. This 
process leads to a technical grade product containing typically 80-90 % of pure CTA-
Ester. 
 
Figure 2.3 Synthetic route to synthesise CTA-Ester in large scale developed by Lubrizol.2  
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The most prevalent impurities were identified using electrospray ionisation time-of-flight 
mass spectrometry (ESI-ToF-MS) and NMR spectroscopy techniques. S,S’-bis(1-
dodecyl)trithiocarbonate (Figure 2.4 - 1) was found to be the main impurity due to the 
reversibility of the trithiocarbonate formation in step one (Figure 2.3). Experiments on 
methacrylate monomers showed that it has no significant effect on molar mass control 
and that 10 % increase in concentration of technical grade CTA-Ester resulted in a 
polymer with Mn equivalent to a polymer prepared by using pure CTA-Ester.
2 A similar 
impurity (dibutyl trithiocarbonate), found in butyl-based RAFT agents, was also reported 
to have no influence on the polymerisation of styrene.4 
CTA-Acid and CTA-Ester are among the rare RAFT agents produced in industrial scale 
and have already proven themselves to be efficient for the synthesis of complex 
architectures using common monomers such as methacrylates and styrene.2, 3, 5-8 In this 
study, the purity of the industrial grade CTA-Ester provided by Lubrizol was assessed and 
its performance on RAFT polymerisation of styrene and methacrylate monomers in bulk 
and solution was investigated. 
 
 
Figure 2.4 Byproducts generated during CTA-Ester synthetic process.2  
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2.2 CTA-Ester Purity 
To study RAFT polymerisation using industrial grade CTA-Ester, a preliminary study on 
the batch purity was performed and a simple purification method was attempted. The 1H-
NMR spectroscopy analysis of two batches provided by Lubrizol revealed a purity 
between 70-90 %, varying from batch to batch. These differences can be explained by 
variation in the number of purification steps and storage conditions.2 The purity was 
determined by comparing the peak assigned to the methylene protons next to the 
trithiocarbonate group (Figure 2.5 – peak 12 at 3.28 ppm) and the peak from the main 
impurity (3.36 ppm), using trioxane as a quantitative internal reference (peak 19 at 
5.17 ppm), and using equation 2.3 and 2.4 shown in experimental section. The batch used 
for the synthesis of all the materials presented in this study was found to be approximately 
80 % pure (Figure A2-1). An approximate purity of 80 % was considered to set-up RAFT 
polymerisation conditions and was shown to give good agreement between experimental 
and theoretical Mn values. 
 
 
Figure 2.5 1H-NMR spectrum (CDCl3) of industrial grade CTA-Ester.  
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Experimentally, it was observed that the main impurity recrystallises when the CTA 
mixture is dissolved in cold methanol or acetonitrile. Thus, a sample of technical grade 
CTA was purified by simple recrystallisation of impurities in cold acetonitrile, leading to 
almost full disappearance of the main impurity peak observed in the 1H-NMR spectrum 
(Figure 2.6). However, the integration of the peak for –CH2 next to the ester (4.10 ppm - 
2.7 instead of 2) suggests that impurities containing an ester group possibly remain in the 
purified CTA. ESI-ToF-MS confirmed the presence of impurity traces, but no structure 
with ester groups were matched (Figure A2-2). 1H-NMR spectroscopy analysis of the 
impurity mixture recovered showed a peak at 3.36 ppm and no ester peak at 4.10 ppm, as 
expected for the di-C12-TTC impurity (Figure A2-3). ESI-ToF-MS analysis of the 




Figure 2.6 Magnified 1H-NMR spectrum (CDCl3) of industrial grade CTA-Ester (top) and CTA 
after purification (bottom).  
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A comparative study by size exclusion chromatography (SEC) between industrial grade 
CTA-Ester, purified CTA-Ester and the main impurity showed that the impurity is 
responsible for a peak around 600 g mol-1, causing a high molar mass shoulder in the CTA 
mass distribution (Figure 2.7). The persistent shoulder, observed at low molar mass for 
the CTA-Ester before and after purification, suggests the presence of additional unknown 
impurities. Both high and low molar mass shoulders were detectable by UV-detector, 
suggesting the presence of trithiocarbonate groups in corresponding by-products. As the 
impurities are minor and not reactive, a small peak between 500-800 g mol-1 will be 
expected after polymerisation. Thus, the identification of impurities traces is important to 





Figure 2.7 Molar mass distribution determined by SEC in THF using RI detector and polystyrene 
calibration for technical grade CTA-Ester (red), CTA-Ester after purification (blue) and di-C12-
TTC impurity (green). 
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2.3 CTA-Ester Performance on RAFT Polymerisation 
2.3.1 Chain transfer constant 
The fundamentals of RAFT polymerisation have been reported in the introduction and 
the criteria of choice for CTAs were discussed. Rizzardo and co-workers have reported 
that the effectiveness of RAFT agents in radical polymerisation depends on the monomer 
used, the polymerisation conditions, and the nature of the CTA’s Z and R groups.9-12 Basic 
concepts about RAFT mechanism and the design of CTAs have also been reported in a 
number of useful reviews.13, 14 
The chain transfer constant (Ctr) represents the affinity of the propagating radical toward 
the thiocarbonyl-thio moieties, and its determination allows for direct comparison of 
RAFT agent activity. However, the chain transfer constant is usually obtained from 
experimental data and derived from approximated mathematical equations thus, it is 
reported as the apparent chain transfer constant (Ctr
app).9, 10 Furthermore, the Ctr
app values 
from different CTAs have to be compared for one type of monomer polymerised under 
similar conditions, especially temperature. The determination of apparent chain transfer 
constant by conventional approaches, such as the Mayo plot method, is relatively 
straightforward but is restricted to CTAs with low transfer activity.10, 15 Nonetheless, it is 
recognised as an easy way to obtain preliminary data for any CTA and most of the values 
reported in polymer handbooks have been obtained via this method.16-18 By measuring 
the number average degree of polymerisation (DP) as a function of CTA concentration 












where DP0 is the number average degree of polymerisation in absence of CTA. Ctr
app is 
then obtained by plotting the inverse of DP versus the ratio [CTA]/[M] (Mayo plot), 
giving a linear plot, where the slope is equal to the Ctr
app. Experimentally, this was 
achieved by targeting polymers with different DPs. The Ctr
app of CTA-Ester was measured 
at 90 °C in bulk polymerisation for two monomers of interest to Lubrizol: styrene and 
methyl methacrylate (MMA). Due to their low reactivity ratio, styrene and methacrylate 
monomers typically require processing at elevated temperature (≥ 90 °C), and the 
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generation of large amounts of radicals to obtain a high propagation rate coefficient.19 
While the measurement of the Ctr
app was achieved at high temperature, the initiator 
concentration was kept low to reduce bimolecular termination events. The 
polymerisations were stopped at low conversion (conv. < 15 %) to remain in the RAFT 
pre-equilibrium phase where transfer events are mostly due to the initial CTA. The Ctr
app 
values for styrene and methyl methacrylate, calculated by the Mayo plot (Figure A2-5), 
are shown in Table 2.1. The relatively high value for styrene polymerisation (c.a. 6) 
suggests that the transfer of propagating radical towards the RAFT agent is slightly 
favoured compared to monomer propagation (Ctr = ktr/kp), whereas for methyl 
methacrylate, the low value of chain transfer constant (c.a. 0.6) indicates preference to 
propagate in these conditions. This can be explained by the stability of the (tertiary) 
methacrylate propagating radical which is similar to the CTA-Ester’s (tertiary) R group 
and therefore does not promote the addition-fragmentation. This observation is consistent 
with the theory discussed in the introduction about the design of CTAs. A more stable R 
group, such as a tertiary cyano-alkyl group, would be required to obtain a more efficient 




Table 2.1. Apparent chain transfer constant determined by the Mayo method at 90 °C in bulk. 








Styrene 0.05 <10 5.7 
MMA 0.05 <20 0.6 
PABTC Styrene 0.05 <15 6.9 
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The chain transfer constant of another RAFT agent, (propanoic acid)yl butyl 
trithiocarbonate (PABTC), was also measured for styrene polymerisation at 90 °C for 
comparison. PABTC (Figure 2.8) is known to give relatively good control for styrene 
polymerisation.20  
 
Figure 2.8 Structure of CTA-Ester and PABTC RAFT agents. 
 
The chain transfer constant of PABTC measured by the Mayo plot (c.a. 7) was found to 
be similar to the CTA-Ester, suggesting that good control for styrene RAFT 
polymerisation can be expected using these two CTAs. As mentioned previously, the 
Mayo plot method is not adapted for CTAs with high chain transfer constants (Ctr > 5), 
thus, the value obtained for methyl methacrylate can be considered reliable whereas the 
value obtained for styrene is required to be measured by a more appropriate methodology. 
Therefore, the apparent chain transfer constant of CTA-Ester and PABTC were measured 
using the Walling & Moad method for styrene polymerisation at 90 °C in toluene (5 M), 








Briefly, the apparent chain transfer constant (Ctr
app) is determined by plotting ln[CTA] 
versus ln[M], where the slope of the linear regression corresponds to Ctr
app (Figure 2.9). 
The concentration of residual RAFT agent and monomer was determined by in situ 1H-
NMR spectroscopy, in toluene-d8, by following the disappearance of the vinyl peak of 
styrene (5.25 ppm), and the methylene protons from the R group of the CTA-Ester 
(4.10 ppm), whereas the peak associated with the methine proton was used for PABTC 
(4.80 ppm).  
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Figure 2.9 Apparent chain transfer constant for CTA-Ester and PABTC as determined by the 
Walling&Moad method for styrene polymerisation at 90 °C. 
 
The Ctr
app values determined by this method (Table 2.2) were much higher than values 
obtained by the Mayo plot method. This was expected as the Mayo method typically 
underestimates Ctr
app values for efficient CTAs.10 These results were also in good 
agreement with theory predicting an efficient transfer for CTAs with such R and Z groups, 
for styrene polymerisation.12 The higher value of Ctr
app for CTA-Ester (i.e. 27) as 
compared to PABTC (i.e. 19) can be explained by the difference in R group. As the radical 
stability increases with the number of adjacent methyl groups (proton donor), CTA-Ester 
(tertiary R group) is expected to fragment more efficiently (forming a more stable radical) 
as compared to PABTC, which releases a secondary R group. 
 
Table 2.2 Conditions and results for the determination of the apparent chain transfer constant by 







Walling & Moad 
CTA-Ester 0.05 <13 27 
PABTC 0.05 <17 19 
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By measuring the apparent chain transfer constant of CTA-Ester, good control over the 
batch polymerisation of styrenic monomers and poor control for methacrylates is to be 
expected in these conditions. To confirm these predictions and optimise polymerisation 
conditions, experimental kinetic studies were conducted. 
2.3.2 Experimental kinetic study 
The efficiency of CTA-Ester and PABTC for styrene and methacrylates polymerisation 
was assessed experimentally by following the evolution of the molar mass (Mn) and 
dispersity (Ð) with conversion. As mentioned previously, styrene and methacrylate 
monomers require processing at elevated temperature (≥ 90 °C), and the generation of 
large amounts of radicals to obtain a high propagation rate coefficient.19 1,1′-
Azobis(cyclohexane-1-carbonitrile) (V-40) was used as radical initiator because of its 
suitable decomposition rate at 90 °C or 100 °C (10 hours half-life, decomposition 
temperature of 88 °C). Toluene and dioxane were selected as solvents as they are good 
solvents for both monomers, and they have high boiling points (110 °C and 102 °C 
respectively). The monomer and initiator were used at various concentrations, and the 
temperature was increased from 90 °C to 100 °C, in order to optimise reaction speed and 
control of molar mass. 
Styrene 
The polymerisations of styrene (DP =10) mediated by industrial grade CTA-Ester and 
pure PABTC were investigated at 90 °C and 100 °C in toluene and dioxane. The first 
experiment with CTA-Ester was performed in toluene at 90 °C using a moderate amount 
of initiator (0.025 M - Table 2.3 – Entry 1). These conditions did not lead to full 
conversion (conv. = 80 %), however, good control over molar mass and dispersity were 
achieved (Ð = 1.10). PABTC was also tested in these conditions and, despite the 
polymerisation being more efficient (90 % conversion within 20 hours), the control over 
molar mass and dispersity was lower (Ð = 1.20). This can be explained by the slower 
fragmentation of the R group of PABTC, causing more uncontrolled propagation at the 
beginning of the polymerisation process, while in the case of CTA-Ester, the rapid 
fragmentation enabled faster formation of controlled chains. Kinetic studies were then 
performed in dioxane at 90 °C (Table 2.3 – Entry 3) and 100 °C (Table 2.3 – Entry 4) 
using higher initiator concentration ([CTA]0/[Init]0 < 10) (Figure 2.10). 
Chapter 2: CTA-Ester Evaluation 
41 
Table 2.3 Conditions and results for styrene polymerisation (DP10 – 5 M) using CTA-Ester and 













Mn,theoa Mn,SECb Ðb 
% 
Lc 
1 CTA-Ester 0.025 20 Toluene 90 20 80 1265 1250 1.10 98 
2 PABTC 0.025 20 Toluene 90 20 91 1280 1000 1.20 98 
3 CTA-Ester 0.070 7 Dioxane 90 18 98 1438 1350 1.18 95 
4 CTA-Ester 0.070 7 Dioxane 100 10 97 1433 1250 1.06 94 
5 CTA-Ester 0.045 11 Toluene 100 12 97 1430 1350 1.07 96 
a Calculated by 1H NMR using eq.2.5 and 2.6, b determined using SEC-THF with PS standards, c cumulative livingness using eq. 
1.2 
 
Dioxane was used to avoid overlapping peaks in 1H-NMR and to obtain more accuracy 
in conversion data. Full conversion was obtained within 10 hours at 100 °C, whilst 
18 hours were required at 90 °C (Figure 2.10 - A). The plot of molar mass versus 
conversion for the reaction at 90 °C revealed a linear evolution of Mn with conversion 
and low dispersity (Ð < 1.2) (Figure 2.10 - B). This indicates that the polymerisation 
occurs in a living-like manner and that good control can be obtained using industrial grade 
CTA-Ester. These experimental results were consistent with theory and chain transfer 
constant values. The livingness was calculated using equation 1.2 and was kept relatively 
high in these conditions. 
 
 
Figure 2.10 Kinetic data for styrene polymerisation in dioxane using CTA-Ester. A) Evolution of 
conversion vs. time at different temperatures and B) Evolution of the molar mass and dispersity 
with conversion at 90 °C.  
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Methyl and Lauryl Methacrylates 
Despite the unoptimistic prevision for RAFT polymerisation of methacrylates using CTA-
Ester in a batch process (i.e. low Ctr
app), Lubrizol succeeded in achieving large scale 
production of a variety of polyalkylmethacrylate architectures with relatively good 
control, by altering the procedure.2 This unexpected control is due to the specific 
conditions used in the industrial process (i.e. semi-batch or feeding), compared to the 
batch process usually used for academic research. In fact, it is possible to artificially 
increase the Ctr of CTAs by using the semi-batch approach.
23 Feeding the monomer at the 
beginning of polymerisation decreases the ratio between monomer and CTA and increases 
the probability of the propagating radical to transfer to the CTA and undergo 
fragmentation of the R group. 
For this study, methacrylate monomers were investigated in batch polymerisation, 
whereas the feeding process was investigated in a separate project.24 
The polymerisation of two methacrylate monomers (methyl and lauryl – 1.25 M) using 
industrial grade CTA-Ester (DP = 100 targeted) was investigated at 90 °C in toluene using 
a moderate amount of initiator (0.004 M). Lauryl methacrylate and methyl methacrylate 
both reached near quantitative conversion within 20 hours (Figure 2.11). 
 
 
Figure 2.11 Evolution of conversion vs. time for methacrylate monomers (DP100 - 1.25 M) 
polymerisation in toluene using CTA-Ester at 90 °C and V-40 as initiator (0.004 M).  
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Despite both polymers showing final molar masses close to the theoretical values, the 
dispersities of the final materials were relatively broad (Table 2.4). The kinetic study 
revealed no linear evolution of molar mass with conversion, and dispersity values 
between 1.5 and 2.0 (Figure 2.12). This is a typical result for free radical polymerisation, 
indicating that CTA-Ester was poorly involved in the polymerisation process. These 
results were consistent with the theory and chain transfer constant values presented 
earlier. All these results showed the limitation of CTA-Ester for RAFT polymerisation of 
methacrylate monomers in the batch process, however, the use of optimised processes 
(semi-batch) was shown to improve the CTA-Ester efficiency leading to controlled 
polymers.24 Thus, even if CTA-Ester does not appear as the optimal CTA for RAFT 
polymerisation of methacrylates in this study, it is still possible to produce 
poly(alkyl)methacrylates in a large scale using CTA-Ester by optimising the process. 
 
Table 2.4 Conditions and results for methacrylates polymerisation (DP100 – 1.25 M) using CTA-










Mn,theoa Mn,SECb Ð b 
1 MMA 0.004 3 20 95 9,930 9,600 1.82 
2 LMA 0.004 3 20 94 24,300 22,900 1.57 
a Calculated by 1H NMR using eq.2.5 and 2.6, b determined using SEC-THF with PS standards 
 
 
Figure 2.12. Kinetic data for methyl methacrylate (A) and laurylmethacrylate (B) polymerisation 
in toluene using CTA-Ester at 90 °C.  
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2.4 MacroCTA Synthesis Optimisation 
Considering the excellent efficiency of industrial grade CTA-Ester for the RAFT 
polymerisation of styrene, the synthesis of well-defined architectures using this system 
was thus considered. Accessing controlled microstructures, such as block and multiblock, 
using RAFT process requires careful optimisation.25-27 Ideally, each block should be 
synthesised with near-quantitative conversion (conv. ≥ 98 %) to avoid further 
purification, and with high degree of livingness to allow sequential chain extension (L ≥ 
98 %). Here, the synthesis of a well-defined polystyrene macroCTA was optimised by 
varying several parameters such as monomer concentration, initiator concentration and 
temperature (Table 2.3). 
A compromise of conversion and livingness was obtained using high monomer 
concentration ([Sty]0 = 5 M) at 100 °C in toluene (Table 2.3 - Entry 5), a temperature and 
solvent allowing good rate of propagation for styrene (i.e. high kp), while maintaining a 
low rate of monomer self-initiation compared to azo-initiator initiation.28 In a 
degenerative process, it is important to use a controlled source of radicals in order to limit 
the fraction of dead chains.27 V-40 was used as radical initiator for its 10 hour half-life 
decomposition temperature of 88 °C (2 hrs at 100 °C). Working at high monomer 
concentration has the advantage to allow for high polymerisation rates, however, the 
viscosity of the resulting polymer can be problematic for the following steps. This can 
also be an issue for industrial processes. The preliminary kinetic study (Table 2.3 - Figure 
2.10) revealed that a ratio [CTA]0/[Initiator]0 = 7 gives full conversion (conv. = 97 %) 
within 10 hours, however, the large amount of initiator generated in these conditions 
limits the livingness (L = 94 %). A lower amount of initiator ([CTA]0/[I]0 = 11) was then 
considered in order to increase the livingness (L > 96 %) while retaining a relatively high 
conversion (conv. > 90 %). 
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The kinetic study performed under these conditions showed near quantitative conversion 
within 12 hours (conv. = 97 %) and a pseudo-first order kinetic (Figure 2.13, A). A linear 
evolution of Mn with conversion and low dispersities were also observed (Figure 2.13, 
B). By using these optimized conditions it was possible to obtain a polystyrene macroCTA 
(DP =10) with relatively high conversion (conv. > 95 %) and slightly improved livingness 
(L = 96 %). 
 
 
Figure 2.13 A) Kinetic investigation and evolution of conversion vs. time. B) Evolution of 
experimental molar mass (Mn,SEC) vs. theoretical molar mass (Mn,theo) and dispersity (Ð). Study 
performed using CTA-Ester at 100 °C with [M]0 = 5 M and [I]0 = 0.045 M ([CTA]0/[I]0 = 11). 
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2.5 Conclusion 
The industrial grade CTA-Ester produced by Lubrizol was investigated, and its 
performance towards RAFT polymerisation was assessed. The purity of the industrial 
grade CTA provided by Lubrizol was established using NMR techniques and was found 
to be approximately 80 %. Performances of the CTA were evaluated experimentally for 
styrene and methacrylate monomers (methyl and lauryl) via the determination of chain 
transfer constants, and via kinetic investigation in typical conditions. Despite CTA-Ester 
being promising for styrene polymerisation (Ctr
app = 27), methyl methacrylate revealed 
poor transfer ability (Ctr
app = 0.6). This was confirmed by experimental kinetic studies 
using typical RAFT conditions in bulk. While the RAFT polymerisation gave polystyrene 
with narrow dispersity, no control (no linear evolution of Mn with conversion and broad 
dispersities) were observed for methacrylates (methyl and lauryl). The use of different 
CTAs (with cyano-alkyl R group) or process optimisation (feeding) was proposed as a 
good alternative to achieve RAFT polymerisation of methacrylates. Furthermore, the 
ability of CTA-Ester towards styrene was exploited to synthesise polystyrene macroCTA 
(DP = 10) in order to prepare copolymers with complex architecture. 
  




Styrene (Sty, ≥ 99 %), methyl methacrylate (MMA, 99 %), lauryl methacrylate (LMA, 
96 %) were obtained from Sigma-Aldrich and passed through neutral alumina prior to use 
to remove inhibitor. Industrial grade CTA-Ester was provided by Lubrizol and used 
without purification (≈ 80 % pure).2, 3 (propanoic acid)yl butyl trithiocarbonate (PABTC, 
99 %) was synthesised following a procedure previously reported.29 1,1'-
Azobis(cyclohexane-1-carbonitrile) (V-40, T1/2-10h = 88 °C, 98 %) was obtained from 
Sigma-Aldrich and used as received. 1, 4-dioxane and toluene were obtained from Fisher 
Scientific and used as received. Toluene-d8 (99 % D atom), Chloroform-d (CDCl3 - 
99.9 % D atom) obtained from Sigma-Aldrich were used for 1H NMR analysis. 
 
Characterisation techniques 
1H NMR spectra were recorded on either a Bruker DPX-300 or DPX-400 spectrometer at 
27 °C using deuterated solvents obtained from Sigma-Aldrich. For in situ chain transfer 
constant determination, kinetics of reaction were followed by 1H NMR spectroscopy 
recorded on a 600 MHz Bruker Avance III instrument by real-time NMR at desired 
reaction temperature (90 °C) and using a delay time (d1) of 25 s and a number of scans of 
4. TMS contained in the solvent was used as the internal standard and chemical shift 
values (δ) are reported in ppm. 
SEC was carried out using Agilent 390-LC MDS instrument equipped with differential 
refractive index (DRI) and dual wavelength UV detectors. The system was equipped with 
2 x PLgel mixed D columns (300 x 7.5 mm) and a PLgel 5 μm guard column and 
autosampler. The eluent was THF with 2 v/v % TEA (triethylamine) and 0.01 wt. % BHT 
(butylated hydroxytoluene) additives. Samples were run at 1 ml min-1 at 30 °C. 
Polystyrene standards (Agilent EasiVials) were used for calibration. Analyte samples 
were filtered through a PVDF membrane with 0.22 μm pore size before injection. 
Experimental molar mass (Mn,SEC) and dispersity (Đ) values were determined by 
conventional calibration using Agilent GPC/SEC software. 
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Determination of CTA-Ester purity 
The purity of CTA-Ester and the fraction of the main impurity were determined using 1H-
NMR spectroscopy (Figure A2-1) in the presence of an internal reference (trioxane). By 
knowing the exact amount of crude CTA-Ester and trioxane used for 1H-NMR analysis, 
it is possible to calculate the fraction of pure CTA-Ester contained in the mixture. By 
setting the integration of methylene protons from trioxane (6H – 5.17 ppm), it is possible 
to associate a concentration to a proton integration (ntriox = 2.55.10
-4 mole  Int2H = 2). 
Then, it is possible to calculate the number of moles corresponding to CTA-Ester (Int2H 
= 0.94 nCTA,real = 1.20
-4 mole) using methylene proton integration (2H -3.28 ppm), or 
main impurity (2H – 3.38 ppm - Int2H = 0.22 nImp,real = 2.8.10
-5 mole), and calculate the 
real mass present in the original preparation (mCTA,real = 50.5 mg - mImp,real = 12.5 mg). The 
purity or fraction of impurity is then calculated by comparing these values with initial 
mass used of CTA-ester as follow: 
 











≈ 20 % 2.4 
 
Typical RAFT procedure (PSty10) 
Industrial grade CTA-Ester (2.6 g, 5 mmol), styrene (5.3 g, 50 mmol), V-40 (0.11 g, 
0.45 mmol) and toluene (1.3 mL) were introduced into a vial equipped with a magnetic 
stirrer bar and sealed with a rubber septum. The solution was degassed using nitrogen for 
ca.15 min before being placed in a thermostated oil bath set at 100 °C. After a desired 
time, a sample was taken from polymerisation medium via degassed syringe for kinetic 
study. After reaction completion (ca. 12 hours), the mixture was allowed to cool down at 
room temperature and then opened to the atmosphere. Final materials were characterised 
using 1H-NMR spectroscopy and SEC (monomer conversion = 97 %, Mn,theo = 
1,430 g mol-1, Mn,SEC-THF = 1350 g mol
-1
 and Đ = 1.07). 
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Determination of monomer conversion. 
The conversion was determined using 1H-NMR by comparing integrals before and after 
reaction using vinyl protons from monomers (5.74 ppm for styrene – 6.10 ppm for MMA 
and LMA). The peak corresponding to methyl protons from CTAs was used as an internal 
reference (0.88 ppm for CTA-Ester – 0.72 ppm for PABTC). 
Monomer conversions (p) were calculated from 1H NMR data using equation 2.5. 
 
𝑝 =  
[𝑀]0 − [𝑀]𝑡
[𝑀]0
= 1 −  
[𝑀]𝑡
[𝑀]0
= 1 −  




where [M]0 and [M]t are the concentrations of the monomer at time 0 and at time t, 
respectively, ∫ 𝑣𝑖𝑛𝑦𝑙 𝑝𝑟𝑜𝑡𝑜𝑛𝑡𝑓  is the integration of the vinyl proton from monomer at 
final time, ∫ 𝑣𝑖𝑛𝑦𝑙 𝑝𝑟𝑜𝑡𝑜𝑛𝑡0 is the integration of the vinyl proton from monomer at time 
0. 
Calculation of Mn,theo 
The theoretical number-average molar mass (Mn,th) was calculated using equation 2.6. 
 
𝑀n,th = DPtarg × 𝑝 × Mmono + MCTA 2.6 
 
where DPtarg is the targeted degree of polymerisation, p is the monomer conversion, Mmono 
and MCTA are molar mass of monomer and CTA (or macroCTA) respectively. 
Calculation of livingness 
The fraction of living chain calculated using equation 1.2 presented in introduction 
chapter.25 We use fc = 1 as styrene mainly terminates by combination, and this value leads 
to an under-estimation of livingness for polymerisation that also terminate by 
disproportionation. 
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 Functional Multisite Copolymer by One-Pot 
Sequential RAFT Copolymerisation of Styrene and Maleic 
Anhydride 
Abstract 
A Multisite copolymer with functionalisable units inserted at specific locations was 
synthesised by a one-pot reversible addition-fragmentation chain-transfer (RAFT) 
polymerisation. A sequential single monomer unit insertion (SMUI) and chain extension 
(ChainExt) strategy was applied using styrene (Sty) and maleic anhydride (MAnh) as 
comonomers. The multisite copolymer was based on a polystyrene (PSty) backbone (c.a. 
5,900 g mol-1) with MAnh units inserted locally at four positions in the backbone. First, 
a well-defined polystyrene macroCTA (DP = 10 - 1,500 g mol-1 - Ð = 1.07) was 
synthesised using CTA-Ester (industrial grade) by following optimised RAFT conditions 
from the previous chapter (high conversion, high livingness and low dispersity). 
Subsequently, the polystyrene macroCTA was used for a one-pot SMUI using a small 
excess of MAnh monomer (DP = 1.5). The copolymer was chain extended by styrene 
leading to a polystyrene backbone with MAnh units (1.5 on average) located in the middle 
of the chain. By repeating SMUI and ChainExt, several units of MAnh were inserted 
locally along the polystyrene backbone (every 10 units on average) to give a 
functionalisable multisite copolymer (Ð = 1.35). Long alkyl chains (C18) were added by 
esterification of maleic anhydride moieties to obtain branched architecture. 
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3.1 Introduction 
With the emergence of controlled radical polymerisation (CRP) methods, advances have 
allowed the design of polymeric architectures with controlled microstructures and well-
defined properties.1-8 Nowadays, various structures such as alternating copolymers9, 
multiblock copolymers7, 10-15, graft copolymers, star-type16, macro-cycles and 
macromolecular brushes17, 18, are accessible via a variety of polymerisation techniques.19-
21 Among controlled radical polymerisation techniques, Reversible Addition-
Fragmentation chain-Transfer (RAFT) polymerisation process appears to be the most 
versatile in terms of monomer choice, polymeric architectures and reaction conditions.22-
27 RAFT polymerisation is a free-radical polymerisation mediated by a chain transfer 
agent (CTA) allowing reversible activation/deactivation of the propagating radical and 
providing a “living” character. In this context, sequential RAFT copolymerisation of two 
or more monomers can allow the formation of block and multiblock copolymers.28 
Simultaneous copolymerisation involving two monomers can also lead to block-like 
structures, but generally leads to statistical, random, or alternating microstructures 
depending on monomer reactivity, polarity and steric hindrance. The radical 
copolymerisation of electron donating monomers (styrene) with electron accepting 
monomers such as unsaturated cyclic anhydrides (maleic anhydride or N-substituted 
maleimides) is particularly interesting. Due to their high rate coefficient of cross-
propagation, conventional or controlled-radical polymerisations such as RAFT 
polymerisation of these comonomer pairs typically leads to almost perfect alternating 
copolymers.29-33 This exceptional feature has been used to achieve sequence-controlled 
alternating copolymers,34-37 polymer end-chain functionalisation38-40 and single monomer 
unit insertion.41-47 
Lutz and co-workers41, 42, 48, 49 have used the donor/acceptor copolymerisation strategy to 
synthesise sequence-controlled macromolecules by NMP4, ATRP50 and SET-LRP.51 They 
demonstrated incorporation of a large library of N-substituted maleimides into 
polystyrene (PSty) growing chains using one-pot sequential addition of various functional 
N-substituted maleimides at different times during the controlled-radical polymerisation 
process. This approach is very promising as it is rapid and versatile, however, it is limited 
in terms of sequence-control because of the statistical nature of chain-growth 
copolymerisation. One main drawback is the formation of chain-to-chain sequence 
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defects. Furthermore, statistical insertion of monomers results in the presence of chains 
without insertion, as well as chains with short alternating and/or statistical blocks.52, 53  
To allow strict single monomer unit insertion (SMUI), an excess of acceptor monomer is 
required for the extension of the donor chains, however, this process requires tedious 
purification steps. Kallitsis et al. first described polystyrene chain end functionalisation 
with an excess of maleic anhydride (MAnh) using ATRP38 followed by Harth et al. by 
NMP.39 McLeary et al. were the first to observe SMUI during alternating 
copolymerisation of styrene (Sty) and maleic anhydride using RAFT.54, 55 Feng and 
coworkers described the synthesis of miktoarm ABC star copolymers using SMUI of 
MAnh after a polystyrene block, followed by chain extension (ChainExt) with methyl 
acrylate and acrylamide monomers.43 In another approach, Stayton et al. described SMUI 
of N-substituted maleimides using methacrylate and acrylamide polymers as macroCTA 
and showed their possible extension with styrene.45 In their study, they also mentioned 
the possibility of obtaining multiple bioconjugation sites at defined intervals along a 
polymer backbone using sequential block copolymerisation, opening the way to unique 
architectures. This new copolymer structure has been mentioned in recent publications 
under the name of multisite copolymer.53, 56, 57 As no official nomenclature exists for 
multisite-like structure, the letter “-s-” (site) was chosen here in the same way “-b-” is 
used for block copolymers. Recently, Fu et al. have used this concept to produce well-
defined amphiphilic copolymer networks (co-networks) by RAFT.46, 58 A linear 
polystyrene backbone with controlled number of functional groups (2, 4, and 6 
maleimides), accurately inserted at certain positions, was achieved. Although the 
synthesis of a well-defined copolymer with a high level of sequence-control was shown, 
the process involved many undesired purification steps. 
Recently, a RAFT-based one-pot sequential addition method has been reported by our 
group yielding well-defined multiblock copolymers containing complex sequences.10 By 
tuning RAFT parameters (high monomer concentration, high temperature, minimum 
initiator concentration), full conversions were achieved and a high fraction of “living” 
chains was retained after each block extension, thus greatly simplifying the preparation 
of multiblock copolymers with a number of very short blocks as high as 20 and with 
relatively low molar mass distributions (Đ < 1.4).59, 60 
In this chapter, we used optimised RAFT copolymerisation to produce a multisite 
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copolymer in a one-pot process by sequential SMUI and ChainExt using styrene and 
maleic anhydride as comonomers (Scheme 3.1). The optimised conditions presented in 
the previous chapter were used for the preparation of a well-defined polystyrene 
macroCTA (DP = 10). Maleic anhydride was then inserted by chain extension using a 
small excess of monomer (1.5 equiv.). The copolymer was chain extended by styrene 
leading to a polystyrene backbone with MAnh units in the middle. By repeating SMUI 
and ChainExt, several units of MAnh were inserted locally into the polystyrene backbone 
(every 10 units on average) to give a functionalisable multisite copolymer. The sequential 
SMUI/ChainExt process combined with high conversion of each block allows for good 
control of the copolymer sequence (accurate insertion), while the one-pot process 
decreases the number of purification steps usually needed to achieve such complex 
architectures. However, the process differ slightly from strict SMUI since 1.5 equiv. of 
MAnh is used, in a one-pot process, which leads to more than one unit, on average, 
inserted locally. Finally, esterification of each maleic anhydride unit with aliphatic 
alcohols (stearyl/C18) was performed in order to prepare a well-defined graft architecture 
with a controlled location and density of side chains. This graft-like copolymer structure 
with low density of long alkyl side chains is of interest for application as a rheology 
modifier in oil fields.  






Scheme 3.1. Schematic representation of the one-pot synthesis of a multisite copolymer by 
sequential single monomer unit insertion and chain extension by RAFT and subsequent 
functionalisation by post-polymerisation esterification. 
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3.2 Results and Discussion 
3.2.1 Polystyrene macroCTA 
The polystyrene macroCTA was synthesised following the optimised conditions 
established in the previous chapter. The polymerisation of styrene (5 M) using industrial 
grade CTA-Ester (0.5 M) and V-40 as initiator (0.045 M) was performed in toluene at 
100 °C (Table A3-1). The PSty macroCTA was achieved with reasonable conversion, low 
dispersity and high livingness (Table 3.1). 
Table 3.1. Feature summary for polymer after each step 













P[Sty]10 Styrene 10 1500 93 1400 1400 1.07 96 
P[Sty10-s-MAnh1.5]1 MAnh 1.5 1600 - - 1400 1.09 92 
P[(Sty10-s-MAnh1.5)1-b-PSty10] Styrene 10 2700 97 2500 2300 1.15 89 
P[Sty10-s-MAnh1.5]2 MAnh 1.5 2800 - - 2300 1.15 86 
P[(Sty10-s-MAnh1.5)2-b-PSty10] Styrene 10 3800 92 3600 3200 1.17 82 
P[Sty10-s-MAnh1.5]3 MAnh 1.5 4000 - - 3200 1.22 80 
P[(Sty10-s-MAnh1.5)3-b-PSty10] Styrene 10 5000 99 4800 4100 1.24 75 
P[Sty10-s-MAnh1.5]4 MAnh 1.5 5200 - - 4000 1.28 73 
P[(Sty10-s-MAnh1.5)4-b-PSty10] Styrene 10 6200 89 5900 4700 1.35 68 
a Calculated by 1H NMR using equation 2.5, b determined using SEC-THF with polystyrene standards, c cumulative 
livingness using equation 1.2. MAnh conversion was not measurable by 1H NMR as peak overlap with styrene. 
 
3.2.2 Single monomer unit insertion by one-pot RAFT chain extension 
The polystyrene macroCTA was used to perform SMUI of MAnh in a one-pot fashion 
(Scheme 3.1). Preliminary attempts (not shown) with 1 equivalent led to almost complete 
SMUI, however, residual PSty chains were observed (monitored by NMR spectroscopy 
as following). To ensure the complete reaction of the macroCTA with MAnh, a small 
excess of MAnh was used (1.5 unit per chain). While this strategy introduces defects in 
the copolymer structure (short alternating block), it should ensure the presence of grafting 
points locally inserted along the polymer backbone. Furthermore, the small excess of 
MAnh units introduced (0.5 MAnh for 10 Sty) leads to negligible structural defects. 
Toluene was used to dilute the reaction mixture and to maintain a processable viscosity, 
whereas a small amount of dioxane was used to solubilise the MAnh prior to addition. 
The initiator was mixed with the monomer and added at the same time to the reaction 
vessel, which was heated at 100 °C under a nitrogen atmosphere. In order to simplify the 
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process, the temperature and initiator were kept constant (V-40 at 100 °C). In fact, the 
chain extension with MAnh monomer could be achieved at the temperature typically used 
for the polymerisation of alternating poly(Sty-alt-MAnh) (60 °C),34 however, changing 
the temperature would require the use of a different initiator and a purification step to 
remove left over previous initiator. Instead, the same conditions were used and the 
fraction of left over initiator was taken into consideration (Table A3-1). While a ratio 
[CTA]0/[Init]0 of 10 was necessary to polymerise styrene with high conversion, a ratio 
[CTA]0/[Init]0 of 20 was found to be sufficient for complete insertion of MAnh within 3 
to 5 hours. The 1H-NMR spectrum of the macroCTA (Figure 3.1, A and C) shows the 
typical styrene backbone peak between 1.3-2.5 ppm and aromatic protons between 6.4-
7.3 ppm. The peak between 4.6-5.0 ppm is due to the methine proton of the styrene unit 
located next to the trithiocarbonate and is typical for polystyrene synthesised by RAFT. 
The peaks at 0.88, 1.26, 1.65, 3.25, and between 3.4-3.6 ppm are characteristic of CTA-
Ester chain end. The peak from residual styrene monomer (5.25 and 5.75 ppm) and 
impurities from industrial grade CTA-Ester (4.10, 3.30 and 2.65 ppm) were also observed. 
After SMUI (Figure 3.1, B and D) the signal of the methine proton of the styrene unit 
next to the trithiocarbonate disappeared and a new peak between 4.0-4.5 ppm appeared, 




Figure 3.1. A and B are full 1H-NMR spectra (CDCl3) for polystyrene macroCTA (P[Sty]10) after 
15 h reaction and copolymer (P[Sty10-s-MAnh1.5]1) after 5 h of SMUI reaction respectively. C and 
D are zoomed-in spectra for A and B respectively showing the position of methine proton next to 
trithiocarbonate for each monomer.  
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Feng et al. observed a similar peak shift after functionalising the polystyrene chain end 
using MAnh and dithiobenzoate RAFT agent.43 Thus, it was possible to monitor the 
SMUI yield by following the appearance/disappearance of peaks between 4.0-5.0 ppm. 
Figure 3.1 - D shows that after 5 hrs, the styrene end group was fully replaced by maleic 
anhydride. Unfortunately, the conversion of MAnh was not accessible by 1H-NMR 
spectroscopy as the vinyl peak of the cyclic anhydride (7.0 ppm) overlapped with the 
aromatic protons of styrene (6.4-7.3 ppm). It is also worth noting that after SMUI, the 
peaks corresponding to unreacted styrene (5.25 and 5.75 ppm) disappeared indicating that 
short alternating and / or random blocks were formed due to the presence of styrene from 
the previous step and excess of MAnh. Figure 3.2 shows the SEC molar mass distribution 
of macroCTA before and after SMUI, as well as the CTA-Ester impurities. After SMUI, 
a small shift towards higher molar mass was observed while no change of the molar mass 
distribution was detected. The residual peak at low molar mass was attributed to 
unreactive CTA-Ester impurities studied in the previous chapter. 
 
 
Figure 3.2. SEC molar mass distribution showing RI traces for di-C12-TTC impurity from CTA-
Ester (dash orange), macroCTA before (blue) and after SMUI (dash green). SEC in THF using 
polystyrene calibration.  
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The diversity of populations obtained after SMUI was also investigated by MALDI-ToF 
mass spectrometry. Figure 3.3 shows spectra of polystyrene macroCTA before (blue) and 
after maleic anhydride insertion (green). The spectrum obtained for polystyrene 
macroCTA shows one narrow main population with m/z in agreement with the theoretical 
molar mass (1,400 g mol-1). The proposed structure contains the R group from the CTA-
Ester, a styrene block and a double bond at the ω-chain end (Figure 3.3 – structure A). 
The comparison between measured and calculated isotopic distribution was consistent 
with the proposed structures (Figure 3.3 - C). Fragmentation of the Z group into a stable 
conjugated double bond is commonly observed for polystyrene synthesised by RAFT and 
is mainly attributed to the presence of the silver salt, which can act as a catalyst to cleave 
the weak C-S bond between the polymer and chain transfer agent in the mass 
spectrometer.61, 62  
 
 
Figure 3.3. A and B are full MALDI-ToF mass spectra for polystyrene macroCTA (P[Sty]10) after 
15 h reaction and copolymer (P[Sty10-s-MAnh1.5]1) after 5 h of SMUI reaction respectively. C and 
D are zoomed spectra for A and B respectively.  
Chapter 3: Multisite PSMA Synthesis 
61 
Minor populations with similar structures but with different end-group fragmentation 
types were also observed (structure B-D). The MALDI spectrum after SMUI was also 
recorded (Figure 3.3 – B-D). Surprisingly, higher laser intensity was required to obtain 
similar signal strength compared to styrene terminated fragments (ca. 5 % higher). The 
addition of maleic anhydride at the end of polystyrene chains appeared to make the 
polymer more difficult to ionise under these conditions and a more complex spectrum 
was obtained. The expected structure was observed (structure F), as well as structures 
corresponding to the copolymer with one and two ring-opened anhydride units (structure 
E and G). Structures with opened MAnh ring result in the reaction of cyclic anhydride 
with silver salt either during the sample preparation or ionisation process. The structure 
with two MAnh units was expected due to the incomplete conversion of the first block 
(conv. = 93 %). The residual styrene is consumed (as confirmed by NMR), forming 
alternating short blocks with excess of MAnh. The spectrum also reveals a peak with high 
intensity corresponding to residual macroCTA (structure A). If most of the macroCTA is 
reacted at this step (as shown by NMR), the high intensity of the peak can be explained 
by the differences in ionisation process, which appear to be more challenging for 
polymers with MAnh as a terminal unit. It should be noted that since MALDI is not a 
quantitative method, a residual amount of macroCTA can appear to be the main 
population due to its favourable ionisation process. This hypothesis was supported by the 
spectrum obtained after subsequent ChainExt with styrene (Figure 3.4), as a relatively 
clean spectrum at higher molar mass was obtained. The spectrum showed the expected 
copolymer structures with one and two MAnh units (Figure 3.4 - structures A-D), while 
a signal for homopolystyrene was barely observable (structures E). The very low intensity 



















Figure 3.4. A) MALDI-ToF mass spectrum for [PSty10-s-MAnh1.5)1-PSty10] B) zoom 
corresponding to the region in the dashed square in A). 
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3.2.3 One-pot sequential SMUI and ChainExt by RAFT 
The copolymer poly[Sty10-s-MAnh1.5] was used as a macroCTA and chain extended with 
styrene before performing sequential SMUI and ChainExt as described in Scheme 3.1. 
Four cycles were performed to achieve a multisite copolymer composed of a polystyrene 
backbone with MAnh monomers located every 10 units on average. Figure 3.5 shows the 
1H-NMR spectrum of the initial polystyrene macroCTA and a magnified area of the 
spectra after each SMUI and chain extension showing the alternation of styrene block and 
MAnh unit(s). The process can be followed by the appearance/disappearance of the 
characteristic peak of the methine proton of the last styrene unit (4.6-5.1 ppm). A similar 
behaviour was also observed for the last MAnh unit (4.0-4.5 ppm), however, it was less 
clear due to the overlap with CTA impurity peak (4.1 ppm). The conversion of styrene 
obtained after each chain extension was relatively high (conv. > 89 %) and was controlled 
by maintaining a low ratio between CTA and initiator concentrations after each step 
(Table A3-1).  
 
 
Figure 3.5. Sequential SMUI / ChainExt monitored by 1H-NMR spectroscopy (CDCl3).  
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Dilution after each chain extension was necessary to maintain low viscosity. As a result 
the monomer and initiator concentration after each step was restricted, leading to 
limitations in conversion and livingness. After four cycles of SMUI and ChainExt, the 
cumulative livingness had dropped to 68 % (Table 3.1). Thus, it became difficult to 
control the polymerisation after further chain extension as theoretically only two thirds 
of chains remaining were still bearing the CTA required for chain extension. This is the 
consequence of slowly propagating monomers such as styrene. The large amount of 
initiator required to reach high conversion by RAFT inherently increases the number of 
terminated chains. According to styrene conversion values, the theoretical molar mass of 
the final material was estimated at 5,900 g mol-1. The polymer was purified by 
precipitation in hexane and 20 g of material was recovered (Figure A3-1). SEC analysis 
showed monomodal distributions and a clear shift to higher molar masses after each chain 
extension, confirming the synthesis of multiblock-like structure (Figure 3.6). A low molar 




Figure 3.6. SEC molar mass distribution for polystyrene macroCTA followed by each step of SMUI 
(dashed green) and chain extension with styrene (blue). The final product after purification is shown 
in red. SEC in THF with polystyrene standards.  
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The low molar mass tailing was mainly attributed to the accumulation of dead chains 
(L ≈ 30 % after 9 cycles) and initiator derived chains, as relatively high initiator 
concentrations were used in this system. The high molar mass shoulder was ascribed to 
bimolecular termination. The final material was recovered without CTA-Ester impurities 
(low molar mass peak) and with relatively narrow distribution for such complex 
architecture (Ð = 1.35). Moreover, the molar mass obtained by SEC (Mn,SEC 
= 4,700 g mol-1) was consistent with the theoretical value calculated from NMR results. 
A small deviation from the theoretical value was observed and can be explained by the 
increase of low molar mass chains after the third insertion which results in an 
underestimation of the overall molar mass of the final material (Mp,SEC = 6,000 g mol
-1). 
Furthermore, a deviation was not surprising as the nature of the polystyrene backbone 
was affected by the presence of MAnh compared to the homopolystyrene standards used 
for SEC calibration. The presence of MAnh in the final material was also confirmed by 
IR as the peaks at 1,850 cm-1 and 1,770 cm-1, characteristic of carbonyl stretching bands 
from cyclic anhydride, were observed (Figure 3.7).  
 
Figure 3.7. IR spectrum of the final multisite copolymer. 
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Figure 3.8 presents the MALDI-ToF mass spectrometry results after each polymerisation 
step. An increase in molar mass after each chain extension was observed, and the final 
spectrum shows clearly a peak between 4,000-7,000 g mol-1, confirming the results 
previously obtained by NMR spectroscopy and size exclusion chromatography. The m/z 
values observed were assigned after each step (Figure A3-2 - Figure A3-7) and structures 
with 3, 4, 5 and 6 MAnh units were observed for the final material. As a small excess of 
MAnh (1.5 equiv.) was used for each SMUI, an average of 6 units was expected after 4 
cycles of SMUI and ChainExt, thus, it was not surprising to observe structures with 4, 5 
and 6 units inserted. The structure with 3 units was the result of an incomplete SMUI, 
however, as discussed previously these defects are marginal, indicating that the SMUI 
were successful in the majority of cases. After three cycles, strong signals corresponding 
to dead chains and initiator derived chains were observed at low molar mass, increasing 
the complexity of the MALDI-ToF mass spectra. The high intensity of these chains 
compared to the final material can be explained by the difference in length. 
 
Figure 3.8. MALDI-ToF mass spectra measured after each polymerisation step from the 
polystyrene macroCTA at the top to multisite copolymers after four SMUI at the bottom. The 
spectrum were recorded using DCTB as a matrix and AgTFA as ionisation agent.  
Chapter 3: Multisite PSMA Synthesis 
67 
These low molar mass chains were clearly over-represented by MALDI-ToF-MS as only 
a low molar mass tail was observed by SEC (Figure 3.6). In addition, quantitative 13C-
NMR was attempted on the purified copolymer and revealed the presence of 
approximately 5 MAnh units (Figure A3-8 – peak at 171.7 ppm) incorporated as SMUI 
or short alternating blocks (Figure A3-8 – zoom 135-150 ppm).63, 64 
3.2.4 Functionalisation of the multisite copolymer by esterification of maleic 
anhydride moieties. 
To demonstrate the potential of the described well-defined functionalisable multisite 
copolymer, esterification of maleic anhydride units with a long alkyl alcohol (stearyl – 
C18H37OH) was attempted. The incorporation of long alkyl chains allows the formation 
of graft-like copolymers with potential applications as rheology modifiers. The 
esterification was performed using Dean-Stark apparatus under reflux of toluene and 
using methane sulfonic acid as a catalyst (MSA) (Figure 3.9). The reaction of cyclic 
anhydride with the alcohol is fast and irreversible for the mono-esterification process, 
whereas esterification of the free acid is relatively slow and requires a catalyst and the 
elimination of water. Figure 3.10 shows the 1H-NMR spectrum of the copolymer before 
(top) and after (bottom) esterification. A peak corresponding to methylene protons next 
to an ester bond (3.3-4.2 ppm) clearly appeared after esterification, evidencing that 
functionalisation occurred. The number of alkyl chains inserted was determined by 
comparing the integral before and after esterification for the regions containing protons 




Figure 3.9. Scheme of esterification process for graft-like copolymer synthesis.  
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The calculated number of alkyl chains (12 per polymer chain) was consistent with a 
complete esterification, as an average of six maleic anhydride units was inserted in the 
multisite copolymer. The functionalisation of all maleic anhydride moieties was also 
confirmed by IR (Figure 3.11) as the peaks corresponding to cyclic anhydride disappeared 
(1,770 and 1,850 cm-1) and a strong asymmetric ester peak appeared (1,730 cm-1). SEC 
analysis showed an increase in molar mass after esterification while no change was 
observed for molar mass distribution (Figure 3.12). MALDI-ToF mass spectrometry was 
attempted, however, no results were obtained using previous conditions. A change in 




Figure 3.10. 1H-NMR spectra (CDCl3) for multisite copolymer before (A) and after (B) 
esterification. 
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Figure 3.12. SEC molar mass distribution showing RI traces for multisite copolymer before (blue) 
and after (black) esterification with stearyl alcohol. SEC in THF using polystyrene calibration.   
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3.3 Conclusion 
A multisite copolymer with pendent alkyl chains inserted locally was synthesised by a 
one-pot RAFT polymerisation process and post-polymerisation functionalisation. The 
preparation of the functionalisable multisite copolymer was achieved via sequential single 
monomer unit insertion and chain extension using styrene and maleic anhydride as 
comonomers and industrial grade CTA-Ester. After four cycles of SMUI and ChainExt, a 
polystyrene backbone with four functionalisable areas was achieved. An average of six 
MAnh units were inserted along the polystyrene backbone as either one local monomeric 
unit or as short alternating / random blocks with an overall dispersity of 1.35. By showing 
the possibility to synthesise a well-defined material with such complex architectures in 
gram scale (20 g) and, using industrial grade CTA, the great potential of RAFT 
polymerisation for industrial application was demonstrated. The quantitative 
functionalisation of each MAnh moiety was achieved by esterification with stearyl 
alcohol leading to a well-defined graft polymeric structure. By controlling the position 
and number of side chains, it is therefore possible to produce graft copolymers with a 
controllable density and distribution of side chain functionalities, allowing for new 
structure-property investigation. 
  




Styrene (Sty, ≥ 99 %) was obtained from Sigma-Aldrich and passed through neutral 
alumina prior to use to remove inhibitor. Industrial grade CTA-Ester was provided by 
Lubrizol and used without purification (≈ 80 % pure).65, 66 Maleic anhydride (MAnh, 
≥ 99 %), 1,1'-Azobis(cyclohexane-1-carbonitrile) (V-40, T1/2-10h = 88 °C, 98 %) and 
methane sulfonic acid (MSA, 70 wt. % in H2O) were obtained from Sigma-Aldrich and 
used as received. 1, 4-dioxane and toluene were obtained from Fisher Scientific and used 
as received. Tetrahydrofuran (THF), diethyl ether and chloroform were obtained from 
Sigma-Aldrich and used as received. Hexane (99 %) was obtained from VWR chemical. 
Chloroform-d (99.9 % D atom) and acetone-d6 (99.9 % D atom) obtained from Sigma-
Aldrich were used for 1H NMR analysis. 
Characterisation techniques 
1H-NMR spectra were recorded on either a Bruker DPX-300 or DPX-400 spectrometer 
at 27 °C using deuterated solvents obtained from Sigma-Aldrich. Esterification yield was 
determined by 1H-NMR measurements from a 600 MHz Bruker Avance instrument using 
a relaxation time of 25 s and 16 scans. 13C-NMR measurements were performed on a 
600 MHz Bruker Avance instrument (at 150 MHz) with a relaxation time of 10 s, high 
number of scans (>4k), and suppression of NOE (inverse gated decoupling).TMS 
contained in the solvent was used as the internal standard and chemical shift values (δ) 
are reported in ppm. 
SEC was carried out using the same conditions and method as described in the previous 
chapter (SEC in THF). 
Matrix-Assisted laser desorption/ionisation time of flight mass spectrometry (MALDI-
ToF-MS) was performed on a Bruker Daltonics Ultraflex in the positive ion and reflection 
mode using external calibration (PEG1,500 and PEG5,000). Trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB), were used as matrix 
(300 mg mL-1 in THF) without further purification (Sigma-Aldrich). AgTFA salt was 
used as ionisation agents (10 mg mL-1 in THF). Matrix, salts and polymer solution 
(10 mg mL-1 in THF) were mixed in a 1:1:1 ratio and then, 2 μL of the mixture was 
deposited onto the MALDI target before insertion into the ion source chamber. 
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RAFT polymerisation of polystyrene macroCTA (DP = 10) 
Industrial grade CTA-Ester (2.6 g, 5 mmol), styrene (5.3 g, 50 mmol), V-40 (0.11 g, 
0.45 mmol) and toluene (1.3 mL) were charged into a two-neck round bottom flash 
equipped with a magnetic stirrer bar, a condenser on one neck and a rubber septum on the 
other neck (Table A3-1). The solution was degassed using nitrogen for ca.15 min before 
being placed in a thermostated oil bath set at 100 °C. After reaction completion (ca. 15 h) 
a sample was taken from the polymerisation medium for characterisation. Final materials 
were characterised using 1H-NMR spectroscopy and SEC (monomer conversion = 93 %, 
Mn,theo = 1,400 g mol
-1, Mn,SEC-THF = 1400 g mol
-1
 and Đ = 1.07). 
Sequential single monomer unit insertion and chain extension procedure 
The reactor vessel containing the macroCTA was flooded with a nitrogen stream and 
toluene (2 mL) was added for dilution. Both maleic anhydride (0.74 g, 7.5 mmol) and V-
40 (0.062 g, 0.25 mmol) were added to the polymerisation medium via syringe (Table 
A3-1). The reaction mixture was degassed for ca.15 min and allowed to polymerise at 
100 °C until reaction completion. A sample was taken from the polymerisation medium 
before and after each chain extension for characterisation. As MAnh is barely soluble in 
toluene, it was dissolved in a small amount of dioxane before addition. Importantly, the 
amount of initiator remaining after each cycle was taken into account for the following 
polymerisation step (calculated using equation 1.3). The final material was dissolved in 
minimum amount of chloroform and precipitated in hexane prior to characterisation and 
functionalisation. 
 
Functionalisation of the multisite copolymer by esterification of MAnh moieties 
The dried multisite copolymer (3 g, 0.5 mmol), stearyl alcohol (5 g, 18 mmol) and 
toluene (ca.17 mL) were added into a two-neck round bottom flask equipped with Dean-
Stark apparatus. The flask was placed in a thermostated oil bath set at 120 °C and kept 
under nitrogen flux for 3 h. Then, the temperature was set at 90 °C and the methane 
sulfonic acid catalyst (0.25 g, 1 wt. %) was added by syringe through the septum. The 
temperature was set at 130 °C and the reaction was kept under nitrogen stream overnight. 
After evaporating the toluene, the mixture was dissolved using minimum amount of 
diethyl ether and precipitated three times in ethanol at room temperature. The precipitate 
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was dried overnight using a vacuum oven (40 °C) and recovered as a yellow solid. 
Determination of monomer conversion. 
The conversion after each extension with styrene was estimated by using the method as 
described in previous chapter (equation 2.5). Due to the overlap between vinyl peaks from 
the cyclic anhydride (7.0 ppm) and aromatic peaks of styrene (6.4-7.3 ppm), the 
conversion of MAnh was not estimated. Full MAnh conversion was assumed to calculate 
theoretical molar mass. 
Calculation of Mn,theo 
For the polystyrene macroCTA (homopolystyrene), the theoretical number-average molar 
mass (Mn,th) was calculated as described in previous chapter using equation 2.6. 
After SMUI, the previous equation cannot be used as the MAnh conversion was not 
accessible by 1H-NMR. Full MAnh conversion was assumed to calculate theoretical 
molar mass leading to equation 3.1. 
 
𝑀n,th,SMUI = 𝑀n,th,macroCTA + 1.5 × MMAnh 3.1 
 
where Mn,th,SMUI is the theoretical number-average molar mass after SMUI, Mn,th,macroCTA 
is the theoretical number-average molar mass of polystyrene macroCTA and MMAnh the 
molar mass of maleic anhydride.  
 
To determine the Mn,th after further chain extension with styrene the following equation 
was used:  
 
𝑀n,th = DPtarg × 𝑝 × Mmono + 𝑀n,th,SMUI 3.2 
 
Calculation of livingness 
The fraction of living chain calculated using equation 1.2 presented in introduction 
chapter.10 We use fc = 1 for styrene as it mainly terminates by combination (leads to an 
under-estimation), whereas, fc = 0 was used for MAnh as no information on termination 
are reported (leads to an over-estimation). 
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 Influence of Grafting Density and Distribution on 
Material Properties Using Well-Defined Alkyl Functional 

















Poly(styrene-co-maleic anhydride) copolymers (PSMA) with controlled number and 
distribution of maleic anhydride (MAnh) monomeric units were prepared by reversible 
addition-fragmentation chain transfer (RAFT) polymerisation. All polymers were 
synthesised with chain-transfer agents (CTA) suitable for an industrially scalable process 
(CTA-Ester and CTA-Acid). Linear and star architectures of alternating PSMA (alt-
PSMA and 4xPSMA) were achieved in one-step synthesis, while a one-pot sequential 
chain-extension strategy was utilised to prepare diblock, multiblock and multisite 
copolymers. Furthermore, the MAnh units were subsequently functionalised with long 
alkyl alcohol chains (C22) to obtain graft-like copolymers. The features of the initial 
polymeric backbones, as well as the graft-copolymers, were characterised by a variety of 
analytical techniques. The polymer behaviour in solution was shown to be dependent on 
copolymer molar mass and grafting density. All the materials were shown to degrade close 
to 400 °C, varying slightly with MAnh content and molar mass. The rate of degradation 
was shown to be influenced by the MAnh content and polymeric architecture. A 
significant change of the Tg from 205 °C to 100 °C was observed for the alternating and 
multisite copolymers, respectively. Two Tg were observed for the diblock copolymer 
(99 °C and 168 °C), and only one Tg (120 °C) was observed for the multiblock, indicating 
differences in phase separation. Ultimately, the grafting of long aliphatic side chains 
(crystalline) onto the PSMA backbone, even at low density, was shown to drastically 
change the microphase ordering, as all the grafted copolymers became semi-crystalline. 
A difference of crystallisation temperature of about 30 °C was observed between low 
density material (Tc ≈ 7 °C) and high density alternating material (Tc ≈ 40 °C) illustrating 
the major impact of controlling the density and distribution of long aliphatic side chains 
on PSMA backbones. 
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4.1 Introduction 
A significant challenge in modern macromolecular science is to mimic nature to achieve 
complex copolymers with controlled chemical composition and molecular structure.1, 2 
The rise of recent studies on advanced polymeric architectures, such as brushes, star 
polymers, cyclic polymers and other functional copolymers with controlled grafting 
density and distribution, suggests an increasing interest in this field.3-9 Graft copolymers 
can adopt different conformations (such as coil, rodlike or wormlike) determined by their 
chemical composition, architecture, and their interaction with the solvent.10-12 Moreover, 
the control over grafting density and distribution has also been found to be of fundamental 
importance when preparing tailored nanoscopic objects with interesting mechanical and 
physicochemical properties (e.g. self-assembling or stimuli-responsive materials).13-16 
Functional copolymers can also offer different properties depending on their grafting 
density and distribution of functional groups.17, 18 The control of monomer 
sequence/distribution itself has been observed to be of interest to control some physical 
properties of copolymers such as solubility, amphiphilicity, assembly and thermal 
properties.19, 20 Recently, the effect of block segregation (multiblock structure) on 
microphase separation and glass transition temperature (Tg) was demonstrated.
21 Another 
study on thermo-responsive, spontaneous gradient copolymers showed the effect of 
monomer sequence and distribution on glass transition and self-assembly behaviour.22 
These examples of non-grafted copolymers show the importance of controlling monomer 
distribution to tune the physicochemical properties of copolymers. As discussed in 
previous chapters, the radical copolymerisation of Sty and MAnh is a unique combination 
that offers functional materials of high sequence control with high density and distribution 
of the grafted functionalities.23-25 Alternating poly(Sty-alt-MAnh) (PSMA) materials 
have been synthesised on an industrial scale by free radical polymerisation since the 
1940s, and their derivatives are commonly used in applications such as rheology 
modifiers, plasticisers, polymeric surfactants and pigment dispersants.26 Their 
advantageous mechanical and thermal properties, high chemical resistance and high 
degree of functionality are regularly described in scientific and technical reviews.27-29 
Moreover, with the recent developments in controlled radical polymerisation techniques 
(CRP) such as metal-mediated radical polymerisation (ATRP, SET-LRP, and metal 
catalysed),30-32 nitroxide-mediated polymerisation (NMP),33 and reversible addition-
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fragmentation chain transfer (RAFT),34 the exceptional features of this donor-acceptor 
system have been re-investigated to achieve well-defined alternating copolymers 
(controlled Mn, narrow dispersity),
35-37 polymer end-chain functionalisation38 and single 
monomer unit insertion.39-44 PSMA materials with various composition and controlled 
structure were also synthesised by exploiting the versatility of RAFT polymerisation.45-48  
In the previous chapter, we showed the facile and scalable RAFT synthesis of a PSMA 
multisite copolymer with MAnh units inserted at specific locations along a polystyrene 
backbone.39 The ability to synthesise functional materials with high degree of control on 
functional group distribution was demonstrated. In a recent study, Srichan et al. 
demonstrated the influence of monomer composition and sequence distribution of 
octadecyl styrene-co-N-substituted maleimide copolymers on the melting and 
crystallisation temperatures of semicrystalline materials, however, this is yet to be 
investigated for more advanced architectures.17 
In this chapter, we exploited optimised RAFT polymerisation and the one-pot sequential 
chain-extension strategy for the preparation of a library of complex PSMA architectures 
(alternating, diblock, multiblock, multisite, and alternating star) (Scheme 4.1). The PSMA 
materials were subsequently functionalised with long aliphatic alcohols, leading to graft-
like copolymers of controlled side-group density and distribution. The grafting density 




















Scheme 4.1. Synthesis of well-defined grafted PSMA copolymers using optimised RAFT 
polymerisation with industrial CTAs and post-polymerisation esterification of MAnh units. 
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4.2 Results and Discussion 
In this chapter we present the synthesis of a library of PSMA materials for the preparation 
of well-defined graft architectures, and the study of the influence of grafting density and 
distribution on material properties (Scheme 4.1). The PSMA backbones were synthesised 
by optimised RAFT polymerisation adapted from previous chapter and using industrial 
RAFT agents, anticipating industrial production.49-51 The linear copolymers were 
synthesised using technical grade CTA-Ester without purification (80 % pure). Being able 
to obtain well-defined polymeric architectures using non-pure RAFT agents is essential 
for large scale development of the RAFT process and was shown in only a few recent 
studies.39, 50 A tetrafunctional CTA-Ester (4xCTA) was also prepared from CTA-Acid 
(CTA-Ester precursor) giving access to a four arm PSMA star copolymer. The 4xCTA 
was synthesised by esterification of CTA-Acid and pentaerythritol in the presence of an 
acid catalyst (methane sulfonic acid), a process commonly used in industry (Dean-Stark) 
(Scheme 4.2). The synthesis of the 4xCTA was not optimised and approximately 1 gram 
of pure CTA was obtained after purification by column chromatography. The 
transformation of CTA-Acid into 4xCTA was confirmed by 1H and 13C-NMR 
spectroscopy (Figure A4-1 -Figure A4-2), and MALDI-ToF-MS (Figure A4-3).  
Four linear PSMA copolymers with comparable molar mass (5,000-6,000 g mol-1) but 
different monomer unit distributions were synthesised to study the influence of molecular 
structure on material properties, such as conformation in solution and thermal behaviour 




Scheme 4.2. Synthesis of the 4xCTA by Dean-Stark esterification.  
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Ð RIb MAnh d 
P[SMA]28 Alt-Linear 5,600 8,100 f 6,200 f 1.13 f 23 
P[Sty27-b-(SMA)14] Diblock 5,600 5,300 f 6,400 e 1.22 f 13 
P[Sty10-b-(SMA)5]2-b-PSty10 Multiblock 5,100 4,100 e 5,100 e 1.20 e 10 
P[(Sty10-s-MAnh1.5)4-b-PSty10] Multisite 5,900 5,200 e 6,400 e 1.29 e 5 
P[SMA]250 Alt-Linear 50,600 54,500 f 48,200 f 1.19 f 225 
4xP[SMA]60 Alt-Star 47,600 47,200 f 44,900 f 1.15 f 200 
a Calculated by 1H-NMR using equation 2.5 and 2.6. b Obtained using conventional SEC with RI detector. c Obtained 
using triple-detection SEC. d Number of MAnh units calculated from 13C-NMR using peak at 172 ppm. e SEC in 
Chloroform. f SEC in DMF 
 
The maleic anhydride content (density) in each material (total DP = 50 - 56) was varied 
from 28 units for the alternating (highest density of side chains) to 6 units for the multisite 
copolymer (lowest density). Furthermore, the monomer distribution was tuned from 
perfectly alternating to a multiblock-like structure, varying the segmentation between the 
copolymers. A linear alternating PSMA (alt-PSMA-50k) with higher molar mass 
(DP = 250 - 50,000 g mol-1), and its star analogue (4xPSMA – DP = 60 per arm- 50,000 g 
mol-1), were also synthesised to compare the effects of the molar mass and architecture. 
4.2.1 Synthesis of alternating PSMA materials 
The synthesis of alternating PSMA by RAFT is relatively easy to accomplish and was 
achieved following a method adapted from previous studies.35, 52 These experiments were 
performed at 60 °C using an equimolar feed ratio of Sty and MAnh monomers in the 
presence of either the industrial grade CTA-Ester or pure 4xCTA, while a minimum 
concentration of initiator (V601 - T1/2-10h = 66 °C) was added to obtain well-defined 
alternating PSMA materials within 24 hours (conv. > 90 %) (Table A4-1 and Table A4-2). 
Due to the nature of 4xCTA, linked to the core via the R group (Scheme 4.1), the RAFT 
polymerisation occurred via core-first strategy and using R group approach.6, 53 This 
strategy allows the synthesis of star copolymers with a defined number of arms, growing 
from the core, however, it is also important to note that this strategy will produce linear 
species away from the core due to the initiator derived chains and the fragmentation of 
the Z group. The star copolymer was synthesised according to previous protocols, where 
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a minimum amount of initiator is added to limit these undesired events.54 To our 
knowledge, this is the first reported example of a 4xPSMA star prepared by RAFT. The 
formation of well-defined alternating PSMA copolymers was confirmed by 1H-NMR 
spectroscopy (Figure A4-4 - Figure A4-6), size exclusion chromatography (Figure A4-7), 
and MALDI-ToF-MS (Figure A4-8), all showing good agreement between theoretical and 
experimental molar mass values and narrow molar mass distribution (Table 4.1). The 
alternating nature of the copolymers was confirmed using 13C-NMR spectroscopy. 
Briefly, the local neighbouring repeating unit (triad) can be categorically determined by 
following the relative chemical shift (δc) of the quaternary aromatic carbon (Carom) of Sty 
residue at δc =135-150 ppm (Figure 4.1). It is known that an alternating sequence (MSM) 
shows a main peak at δc =135-141.5 ppm while for the random (SSM) and 
homopolystyrene (SSS), peaks between δc = 141.5-144.5 ppm and δc =144.5-148 ppm are 
observed, respectively.55, 56 All alternating materials exhibited a main peak between δc 
=135-145 ppm confirming the main alternating nature of their monomer sequences 
(Figure 4.1 – D-F). The minor peaks in the random region were attributed to marginal 
Sty-Sty defects in the microstructures. 
4.2.2 Synthesis of diblock PSty-b-PSMA 
The synthesis of block copolymers of PSMA by RAFT in a one-step process (excess of 
styrene in monomer feed), was previously described in literature.47, 48 Although this 
method seems quick and efficient to produce PSMA-b-PSty diblocks on a large scale, the 
excess of Sty in the monomer feed increases the probability of defects (Sty-Sty) in the 
monomer sequence of the PSMA block. Herein, the diblock was synthesised starting with 
a PSty block of DP = 27 and subsequent chain extension (one-pot) using an equimolar 
feed of Sty and MAnh to achieve an alternating PSMA block of DP = 14 (Table A4-3 - 
Table A4-4). While the first block (PSty macroCTA) was synthesised at 100 °C following 
a procedure optimised in previous chapters, the extension with SMA block was achieved 
following the conditions used above for alt-PSMA materials (60 °C using V601). 
Importantly, the complete consumption of the first initiator (V-40) during the first block 
synthesis allowed chain extension based on a different initiator system (V601) without 
taking into account the amount of previous initiator left. The synthesis of a well-defined 
diblock PSty27-b-PSMA14 with similar molar mass to the alternating material and narrow 
dispersity was confirmed by 1H-NMR, SEC, and MALDI-ToF-MS (Table 4.1 – Figure 
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A4-9-Figure A4-11). Furthermore, the existence of two distinct peaks in the 13C-NMR 
spectrum (Figure 4.1 - C) confirmed the presence of blocks with different nature (SSS vs. 





Figure 4.1. 13C-NMR spectra showing quaternary carbon of styrene (Cq) for materials with different 
composition (S for styrene and M for maleic anhydride). 
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4.2.3 Synthesis of multiblock (PSty-b-PSMA)2-b-PSty 
A multiblock PSMA copolymer was designed to obtain two short blocks of alt-PSMA 
(DP = 5) in PSty backbone (every 10 units). In contrast to the diblock synthesis, a single 
initiator system (V-40) was used and the concentration of residual initiator after each step 
was taken into consideration. The PSty blocks were synthesised at 100 °C, however, a 
lower polymerisation temperature of 70 °C was applied for the PSMA block (Table A4-5). 
These conditions ensured a high propagation rate for the SMA comonomers, while 
limiting the homopolymerisation of styrene monomers (Sty-Sty defects). Following this 
method, a high conversion (conv. > 82 %) for each block was achieved (Table A4-6 - 
Figure A4-12), and the final material was obtained with a theoretical molar mass 
comparable to previous materials, and relatively good control over molar mass 
distribution (Table 4.1 – Figure A4-13). Similarly to the diblock copolymer, the presence 
of two distinct peaks in the 13C-NMR spectrum confirmed the presence of blocks with 
different nature (SSS vs. MSM) (Figure 4.1 - B). 
4.2.4 Synthesis of multisite (PSty-s-MAnh)4-PSty 
The synthesis and characterisation of the multisite PSMA are detailed in the previous 
chapter.39 This original architecture was prepared in order to obtain a well-defined graft 
copolymer with low density and specific anchoring location of the side chains. The 
synthesis of the multisite copolymer was designed accordingly in order to distribute at 
least one MAnh unit (1.5 eq. used) on every 10 units of Sty, on average. The final 
copolymer was composed of 5 PSty blocks of DP = 10 each connected with 6 MAnh units 
on average, as 1.5 eq. of MAnh was added for each single monomer unit insertion (SMUI) 
step. The final multisite copolymer exhibited relatively narrow dispersity and molar mass 
comparable to previous materials (Table 4.1). The 13C-NMR spectrum showed a major 
peak corresponding to homopolystyrene (144-148 ppm) and minor peaks corresponding 
to random and alternating sequences (Figure 4.1 – A). This was in good agreement with 
the expected structure as few MAnh units were dispersed locally in the PSty backbone, 
either as single monomer units (random triad) or, as short alternating blocks (alternating 
and random triads). 
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4.2.5 Synthesis of graft PSMA copolymers 
All PSMA materials were functionalised by reacting the MAnh units with behenyl alcohol 
(C22) yielding graft-PSMA analogues (Scheme 4.1). Long alkyl chains were selected as 
functional side groups enabling graft-PSMA materials for use as potential rheology 
modifiers in the oil industry.57-59 The full esterification of MAnh moieties was achieved 
in the presence of methane sulfonic acid (catalyst) under reflux of toluene in a Dean-Stark 
apparatus following a similar process used for 4xCTA preparation (Scheme 4.2). The 
esterification yield, average number of alkyl chains grafted, and molar mass of the final 
materials were determined by IR, quantitative 1H and 13C-NMR spectroscopy and triple-
detection SEC (3d-SEC) (details in appendix). The IR spectrum showed a complete 
disappearance of the MAnh ester symmetric stretch at 1,850 cm-1 and the shift of the 
asymmetric ester peak from 1,770 cm-1 to 1,730 cm-1 (Figure A4-14 - Figure A 4-19). 
Additionally, the introduction of long alkyl chains greatly increased the intensity of the 
alkane C-H stretch peaks at 2,700-3,000 cm-1. The number of alkyl chains grafted onto 
each backbone was determined from the 13C NMR spectrum using the Carom of Sty as the 
reference peak (δc = 126 ppm) and the peak from the methylene group adjacent to an ester 
linkage (64.5 ppm) (Figure A4-20 - Figure A4-31). Interestingly, the final number of alkyl 
chains grafted (Ngraft) was consistent with the theoretical average number of MAnh 
inserted in the backbone, confirming the original backbone composition (Table 4.2). 
 
Table 4.2. Evolution of PSMA features after grafting 












Alt-Linear 6,200 h 1.13 h 23 40 87 18,700 21,900 g 1.16 g 
Diblock 6,400 g 1.22 h 13 25 96 13,800 14,700 g 1.12 g 
Multiblock 5,100 g 1.20 g 10 19 95 11,200 11,100 g 1.17 g 
Multisite 6,400 g 1.29 g 5 10 99 9,200 9,300 g 1.20 g 
Alt-Linear 48,200 h 1.19 h 225 394 87 179,800 174,200 g 1.26 g 
Alt-Star 44,900 h 1.15 h 200 396 99 177,100 180,200 g 1.21 g 
a Obtained using triple-detection SEC. b Obtained using conventional SEC with RI detector. c Number of MAnh units 
calculated from 13C-NMR using peak at 172 ppm. d Calculated from 13C-NMR using peak at 64.5 ppm. e Functionalisation 
yield calculated by comparing the number of alkyl chains grafted with number of MAnh units inserted. f Calculated from 
13C-NMR using Mn,theo backbone + Ngraft x Mw,Alkyl. 
g SEC in Chloroform. h SEC in DMF 
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The yield of esterification was calculated by comparing the number of alkyl chains grafted 
to the number of maleic anhydride units in each chain, determined previously. High yield 
of esterification (> 87 %) was confirmed for all materials. The alt-PSMA showed a 
slightly lower esterification yield as a result of limitations imposed by steric hindrance 
due to the higher MAnh density in the backbone. For this reason, the esterification of the 
alternating 4xPSMA star polymer was left to react longer (38 hours vs. 20 hours), which 
resulted in a higher esterification yield. These results indicate that the higher the MAnh 
density, the longer the reaction time needed to complete the esterification. Both materials 
with higher molar mass (linear and star 50k) showed comparable molar mass after 
grafting (≈ 180,000 g mol-1). For all materials, a shift of the initial molar mass distribution 
towards higher molar mass and retention of narrow dispersity were observed after 
functionalisation (Table 4.2 – Figure A4-32 - Figure A4-37). The true molar mass values 
obtained by triple-detection were shown to be in good agreement with the calculated 
molar masses, confirming the complete esterification of the PSMA backbones, and the 
synthesis of functional materials with excellent control of side chain incorporation. 
4.2.6 Comparison of PSMA materials features and properties 
The synthesis of well-defined PSMA materials as well as their functionalisation with long 
alkyl chains was demonstrated. The different graft architectures (linear alternating, 
diblock, multiblock, and multisite) were prepared from PSMA backbones with 
comparable molar masses, as shown by triple-detection SEC and MALDI-ToF-MS 
(Figure 4.2). 
 
Figure 4.2. Comparison of molar mass distribution for short PSMA backbone measured by triple-
detection SEC (A) and MALDI-ToF-MS (B).  
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While conventional SEC (DRI detection) provides rapid information on molar mass 
distribution and allows good comparison of polymers of similar nature, limited 
information can be obtained compared to more advanced detection methods. Here, triple-
detection SEC (DRI, VS, and LS) was used to determine the true molar mass (Mn,3d-SEC) 
and gain complementary information, such as the radius of gyration (Rg) and 
hydrodynamic radius (Rh) (molecular size parameters), and the intrinsic viscosity (IV) 
and Mark-Houwink parameter (α). 
4.2.7 Study of materials’ behaviour in solution by 3d-SEC 
The direct comparison of the materials’ behaviour in solution was limited by their 
solubility as they were not all soluble in the same solvent. The alt-PSMAs with high 
content of MAnh exhibited poor solubility in CHCl3 and therefore were analysed in DMF. 
On the other hand, all grafted materials showed good solubility in CHCl3. All the non-
grafted linear polymers (ca. 6,000 g mol-1) had similar Rg (1.9-2.2 nm) and Rh (1.8-
1.9 nm) parameters indicating that the MAnh density and distribution have a negligible 
effect on their molecular size and conformation (Table 4.3). Moreover, all polymers 
adopted random coil conformations in their respective solvents according to the Mark-
Houwink parameter values (α > 0.5).60, 61 No significant differences were observed with 
respect to intrinsic viscosity, which is expected for copolymers of similar molar mass, 
density and conformation.  
 
Table 4.3. Features of materials in solution 
 


































Alt-Linear 6,200 c 2.21 c 1.94 c 0.074 c 0.56 c 21,900 b 2.91 b 2.89 b 0.069 b 0.71 b 
Diblock 6,400 b 1.88 b 1.87 b 0.065 b 0.88 b 14,700 b 2.74 b 2.61 b 0.077 b 0.73 b 
Multiblock 5,100 b 1.94 b 1.79 b 0.072 b 0.86 b 11,100 b 2.53 b 2.42 b 0.080 b 0.83 b 
Multisite 6,400 b 2.04 b 1.90 b 0.068 b 0.73 b 9,300 b 2.57 b 2.30 b 0.081 b 0.72 b 
Alt-Linear 48,200 c 7.92 c 6.51 c 0.356 c 0.28 c 174,200 b 8.39 b 8.82 b 0.248 b 0.59 b 
Alt-Star 44,900 c 7.01 c 5.77 c 0.270 c 0.30 c 180,200 b 8.79 b 8.26 b 0.196 b 0.69 b 
a Obtained from triple-detection SEC (RI, Viscometer, LS) using dn/dc values measured off-line. b SEC in Chloroform. c 
SEC in DMF. 
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As expected, an increase in molecular size was observed for longer copolymers (50,000 
g mol-1). The 4xPSMA was smaller in molecular size compared to the linear alt-PSMA, 
which is attributed to its slightly lower molar mass. Moreover, it is usually observed that 
star polymers adopt a more compact structural conformation compared to their linear 
counterparts of similar molar mass.60, 61 Herein, both alt-PSMA and 4xPSMA appeared 
to adopt similar hard sphere conformation in DMF (α < 0.5), however, a difference of 
intrinsic viscosity was observed (0.356 dl/g for linear vs. 0.270 dl/g for star). This was 
not surprising as more compact architectures (star, comb or branched) have less impact 
on viscosity.60, 61 
After functionalisation, the molecular size was found to correlate with the grafting density 
and the backbone length. For the materials allowing the comparison before and after 
functionalisation (where analysis in the same solvent was possible), slightly lower, or 
similar, α values were observed after grafting, due to a more compact structure. Overall, 
the side chain density and distribution did not impact the structures in solution as all the 
polymers displayed similar α values (α ≈ 0.7-0.8), corresponding to random coil 
conformation. For diblock, multiblock and multisite materials, an increase of IV was 
observed after grafting which was expected due to the increase in molecular size. A 
correlation between grafting density and a decrease of IV was observed, regardless of the 
increase of molar mass (from 9,300 g mol-1 for grafted multisite to 21,900 g mol-1 for the 
alternating counterpart). This indicated that the grafting density of side chains had more 
impact on structure density than the molar mass. The longer graft alt-PSMA and 4xPSMA 
copolymers showed similar molecular size and appeared to adopt a random coil 
conformation while being slightly more compact compared to the short backbone 
materials (α ≈ 0.6-0.7). Moreover, they showed a drastic increase in IV (from 0.069 to 
0.248 dl/g), expected due to the difference of molar mass. The lower IV observed for the 
star material was expected as the increase of molecular size with respect to molar mass is 
slower for star materials compared to their linear counterparts. 60, 61  
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4.2.8 Influence of material structure on thermal properties 
TGA 
The thermal stability of all PSMA materials was evaluated by thermogravimetric analysis 
(TGA) under N2 gas flow in the temperature range 25-650 °C, at a heating rate of 
10 °C/min. The evolution of the mass loss with temperature and the corresponding 
differential thermogravimetric curves (dTG) for all materials are shown in Figure 4.3 
(details in appendix). Three distinct degradation steps were observed, where temperature 
of degradation and rate of degradation depend on the material’s chemical composition 
and structure (i.e. MAnh density, Mw, functionalisation degree). The first step (100-
200 °C), predominantly observed for the copolymers with high content of MAnh (i.e. alt-
PSMA) is due to the release of CO2 from the decomposition of MAnh.
62, 63 The second 
step was attributed to the thermal degradation of the trithiocarbonate (-CS3-) end group 
of CTA which usually occurs from 200-300 °C for PSty synthesised by RAFT.64, 65 The 
third degradation step from 325-450 °C was observed for all the materials and is attributed 
to the degradation of the polymer backbone and aliphatic chains. Control analysis 
performed on CTA-Ester and aliphatic chains (Figure A4-38) confirmed a first mass loss 
for CTA-Ester from 200-270 °C (-CS3- degradation), followed by a second degradation 
step from 270-350 °C (CTA alkyl chain degradation), which overlaps with the aliphatic 
chain degradation from 250-350 °C. 
The PSMA backbones (Figure 4.3 - A and C) exhibited a maximum rate of degradation 
temperature (Ti) from 390-410 °C (Table A4-7). While an intermediate Ti was observed 
for the 4xPSMA (400 °C), the Ti for linear-PSMA and the multiblock materials were 
observed at a temperature 20 °C lower compared to the multisite and diblock. Moreover, 
a correlation between MAnh content and a decrease of the onset of degradation and the 
rate of degradation (dTG) was observed. This confirmed the influence of material 
composition, monomer distribution and type of architecture on thermal stability of PSMA 
materials. By comparing the two linear PSMAs (5k and 50k g mol-1), similar Ti and rates 
of degradation were observed, indicating no significant effect of the molar mass. 
Interestingly, the 4xPSMA was slightly more stable (onset ≈ 340 °C vs. 320 °C) and 
exhibited slower kinetics of degradation in contrast to its linear analogue, potentially due 
to the increase of intermolecular interactions (cross-linking). These observations clearly 
showed a correlation between the macromolecular structure and thermal stability of the 
Chapter 4: Well-Defined PSMA Architectures 
92 
polymers. 
After grafting with the alkyl chains (Figure 4.3 - B and D), all the linear PSMAs degrade 
with very similar profiles at higher temperature and with higher rates of degradation. No 
major differences were observed, indicating no influence of the grafting density and 
distribution on thermal stability of the linear alkyl functionalised PSMA materials. The 
star material showed similar slower degradation kinetics after grafting, confirming the 
influence of the architecture (Figure 4.3 - B). Regarding the total mass loss, it was 
interesting to notice that all the grafted materials were fully degraded before the 
temperature reached 500 °C, whereas PSMA backbones produced some residues, which 
appears to correlate with their MAnh content (Figure 4.3 – C D). The carbonisation of 
PSMA has been reported before and is due to the transformation of cyclic and heterocyclic 
compounds to pyrolytic carbons at temperatures above 500 °C.66 The higher amount of 
residues obtained for the 4xPSMA is due to the higher compactness, facilitating 
intermolecular interactions and carbonisation process. 
 
 
Figure 4.3. Derivative of mass loss (top) and mass loss (bottom) for PSMA materials before (left) 
and after (right) functionalisation measured by TGA.  
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DSC 
Differential scanning calorimetry (DSC) was used to investigate the influence of 
monomer distribution and the effect of addition of crystalline side chains on a material’s 
glass transition and/or crystallisation and melting behaviours. Experimentally, three 
heating and cooling cycles were performed and the values obtained at the second or third 
cycle were considered for comparison (Table A4-8 - Figure A4-45-Figure A4-50). This 
is important as the first heating cycle contains the polymer’s prior thermal history and 
might be influenced by the release of CO2 from the first degradation step observed for 
PSMA materials at low temperature (as shown by TGA analysis). 
Previous studies of the thermal properties of alternating PSMA reported amorphous 
behaviours, with Tg values from 150 °C-202 °C depending on molar mass.
46, 47, 67 
Interestingly, the alternating PSMAs synthesised in this study covered a range of molar 
masses between 5,000 g mol-1 and 50,000 g mol-1 and all showed similar glass transition 
temperatures above 200 °C (Figure 4.4). The variation of Tg values reported from one 
study to another is potentially due to degradation occurring in the first heating cycle 
modifying the copolymer composition and, therefore, the Tg values measured. 
 
 
Figure 4.4. DSC heat flow graphs showing the third heating cycles for all PSMA backbones.   
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Previous studies on diblock and triblock (PSMA-b-PSty or PSMA-b-PSty-b-PSMA) 
showed one or two glass transition temperatures, depending on the fraction of each 
block.68 For copolymers with a short PSMA block compared to PSty block, only one Tg 
corresponding to polystyrene was observed (100 °C) and the PSMA block was assumed 
miscible with PSty block.69 Conversely, when the fraction of each block was similar, a 
new glass transition temperature close to pure PSMA was observed (150-200 °C).47, 48 
In the present study, the diblock copolymer was composed of two blocks of similar length 
and exhibited two Tg (99 °C and 168 °C) close to the expected values for each block, 
showing the phase separation of these blocks. Interestingly, the Tg of the PSMA segment 
was lower compared to pure alternating PSMAs (168 °C vs. 205-211 °C), showing an 
influence of the PSty segment on PSMA segment mobility. The multiblock and multisite 
copolymers exhibited only one Tg (120 °C and 101 °C, respectively), with the latter 
showing a Tg very similar to polystyrene (102 °C). The multiblock showed only one Tg 
indicating that the SMA blocks (DP = 5) were not long enough to provide phase 
separation. However, the presence of short miscible PSMA segments was shown to have 
an influence on the Tg, as a higher Tg was observed compared to pure PSty (120 °C vs. 
100 °C). The value obtained experimentally was in good agreement with the value 
calculated using the Fox equation (equation 4.1) predicting a Tg of 115 °C for a copolymer 
containing 75% of PSty (Tg = 100 °C) and 25% of PSMA (Tg 205 °C) in its composition.
70 
Interestingly, the comparison of all PSMA microstructures presented in this study showed 
a correlation between increasing MAnh content and glass transition temperatures (Figure 
4.4). 
The grafted materials revealed completely different behaviours as all the materials 
became semicrystalline, regardless of the density of alkyl side chains (Figure 4.5). All the 
alternating materials exhibited similar melting and crystallisation temperatures, showing 
no impact of molar mass or architecture (linear vs. star) on the thermal behaviour, which 
appeared to be driven by the presence of long alkyl chains only. The crystalline behaviour 
of copolymers with long paraffin-like side chains has already been discussed in 
literature.71, 72 Moreover, the influence of copolymer microstructure on melting point was 
recently observed in a study on comb copolymers with long alkyl side chains.17 The 
reported melting (Tm = 40-45 °C) and crystallisation (Tc = 30-35 °C) temperatures were 
slightly lower compared to those observed in the present study for grafted alt-PSMA (Tm 
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≈ 53 °C and Tc ≈ 40 °C). As observed previously, a lower melting temperature and a 
tailing were observed during the second heating cycle (Figure A4-45-Figure A4-50). 
This is due to the slow reorganisation of the crystalline phase which has not been 
completed by the end of the first cooling cycle. 
 
 
Figure 4.5. DSC heat flow graphs showing the second heating (top) and cooling (bottom) cycles 
for all functional materials.  
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While alt-PSMAs (high density of crystalline side chains) and diblock showed a sharp 
peak at similar melting temperature, broader peaks and lower melting temperatures were 
observed for multiblock and multisite materials, showing the poor reorganisation of these 
materials (Figure 4.5). Interestingly, all functionalised materials exhibited crystallisation 
temperatures between 30-40 °C, however, the crystallisation point of the multisite 
copolymer dropped to 7 °C. The late crystallisation and slow rearrangement of the 
multisite was explained by the presence of a high fraction of amorphous polystyrene and 
low alkyl chain density in this material. Furthermore, the space between each alkyl chain 
may potentially affect their intermolecular stacking, preventing high crystallisation. This 
observation was of great interest and demonstrates the potential of controlling the density 
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4.3 Conclusion 
In this study we describe the synthesis of a library of well-defined PSMA architectures 
including linear multisite, multiblock, diblock, alternating PSMA, and for the first time, 
an alternating 4xPSMA star. Their synthesis on gram scale was achieved by optimised 
RAFT polymerisation using industrial RAFT agents (CTA-Acid and CTA-Ester). 
Furthermore, the industrial grade CTA-Ester (80 % pure) was used without purification, 
demonstrating the robustness of the RAFT process and anticipating large scale 
production. The PSMA materials were subsequently functionalised with long aliphatic 
alcohols, leading to a library of graft copolymers with controlled side-group density and 
distribution. The influence of copolymer composition and structure, and the effect of long 
alkyl chain addition on copolymer behaviour in solution and the thermal properties were 
investigated using triple-detection SEC, TGA and DSC. The polymer behaviour in 
solution was shown to be dependent on copolymer molar mass and grafting density 
(increase of Rg, Rh and IV). The material degradation profiles were shown to be influenced 
by MAnh content, molar mass and polymeric architectures. While materials before 
grafting exhibited amorphous behaviour, with Tg values depending on MAnh content and 
distribution, a semi-crystalline behaviour was observed for all materials after adding long 
alkyl side chains. The alternating materials exhibited similar melting and crystallisation 
temperatures, showing no impact of molar mass or architecture (linear vs. star) on the 
thermal behaviour, which appeared to be driven by the presence of long alkyl chains only. 
The crystallisation temperature was shown to be highly dependent on side chain density 
and distribution. While alt-PSMAs (high density of crystalline side chains) and diblock 
showed a sharp peak at similar melting temperature, broader peaks and lower melting 
temperatures were observed for multiblock and multisite materials, showing the poor 
reorganisation of these materials. Interestingly, all functionalised materials exhibited a 
crystallisation temperature between 30-40 °C, however, the crystallisation point of the 
multisite copolymer dropped to 7 °C. This study demonstrates the importance of 
controlling copolymer composition and architecture for future development of material 
properties. 
  




Styrene monomer (Sty, ≥ 99 %) was obtained from Sigma-Aldrich and passed through 
neutral alumina prior to use to remove inhibitor. Maleic anhydride (MAnh, ≥ 99 %), 1,1'-
Azobis(cyclohexane-1-carbonitrile) (V-40, T1/2-10h = 88 °C, 98 %), dimethyl 2,2'-
azobis(2-methylpropionate) (V601, T1/2-10h = 66 °C, 98 %) and methane sulfonic acid 
(MSA, 70 wt. % in H2O) were obtained from Sigma-Aldrich and used as received. 
Industrial grade CTA-Ester (≈ 80 % pure), CTA-Acid (> 95 % pure) and behenyl alcohols 
were generously provided by Lubrizol and used without purification.50, 51 All solvents 
were obtained from either Fisher Scientific, VWR Chemical, or Sigma-Aldrich, and used 
as received. 
Characterisation methods 
NMR spectra were recorded on either a HD 400 MHz or 600 MHz Bruker Avance III 
systems at 25 °C using deuterated solvents obtained from Sigma-Aldrich. For quantitative 
1H-NMR and 13C-NMR measurements, a 600 MHz Bruker Avance instrument were used 
(at 150 MHz) with a relaxation time of 10 s, high number of scans (>4k), and suppression 
of NOE (inverse gated decoupling). TMS contained in the solvent was used as internal 
standard and chemical shift values (δ) are reported in ppm. Chloroform-d (99.9 % D 
atom) and acetone-d6 (99.9 % D atom) were obtained from Sigma-Aldrich. 
DMF-SEC was carried out using an Agilent 390-LC MDS instrument equipped with 
differential refractive index (DRI), viscometer (VS), light scattering (LS) and dual 
wavelength UV detectors. The system was equipped with 2 x PLgel mixed D columns 
(300 x 7.5 mm) and a PLgel 5 μm guard column and autosampler. The eluent was DMF 
with 5 mmol NH4BF4. Samples were run at 1 ml min
-1 at 50˚C. PMMA standards (Agilent 
EasiVials) were used for calibration. Analyte samples were filtered through a nylon 
membrane with 0.22 μm pore size before injection.  
Chloroform-SEC was carried out using an Agilent 390-LC MDS instrument equipped 
with differential refractive index (DRI), viscometer (VS), light scattering (LS) and dual 
wavelength UV detectors. The system was equipped with 2 x PLgel mixed C columns 
(300 x 7.5 mm) and a PLgel 5 μm guard column and autosampler. The eluent was CHCl3 
with 2 wt. % of triethylamine additive. Samples were run at 1 ml min-1 at 30 ˚C. PMMA 
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and PS standards (Agilent EasiVials) were used for calibration. Analyte samples were 
filtered through a PVDF membrane with 0.22 μm pore size before injection. 
Experimental molar mass (Mn,RI) and dispersity (ĐRI) values of synthesised polymers 
were determined by conventional PS or PMMA calibration using Agilent GPC/SEC 
software.  
Absolute molar mass (Mn,3d-SEC), intrinsic viscosity (IV), radius of gyration (Rg), 
hydrodynamic radius (Rh), Mark-Houwink parameter (α) and conformation data were 
determined by triple-detection SEC. 
Refractive index increments (dn/dc) of PSMA polymers in respective eluents were 
determined offline using a differential refractometer. The refractive index was measured 
for five polymer concentrations (between 0.25 mg mL-1 and 5 mg mL-1) and the dn/dc 
values were obtained from the slope of the plot of refractive index versus polymer 
concentration. 
 
Table 4.4. Refractive index increments used for triple-detection SEC method. 
Materials Solvent Temp. °C dn/dc 
Multisite PSMA CHCl3 30 0.170 
Multiblock PSMA DMF 50 0.160a 
Multiblock PSMA CHCl3 30 0.200 
Diblock PSMA CHCl3 30 0.200 
Alternating PSMA DMF 50 0.160 
Multisite C22 CHCl3 30 0.125 
Multiblock C22 CHCl3 30 0.095 
Diblock C22 CHCl3 30 0.085 
Alternating C22 CHCl3 30 0.055 
PLaurylacrylate CHCl3 25 0.035
b 
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MALDI-ToF-MS was performed on a Bruker Daltonics Ultraflex in positive-linear 
mode. trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] malononitrile 
(DCTB), was used as the matrix (500 mg mL-1 in THF or acetone) without further 
purification (Sigma-Adrich). NaTFA salt was used as the ionisation agent (0.1 M in THF 
or acetone). Matrix, salts and polymer solution (10 mg mL-1 in THF or acetone) were 
mixed in a 1:1:1 volume ratio and then, 1 μL of the mixture was deposited onto a ground 
steel target plate before insertion into the ion source chamber. A linear calibration was 
created using insulin (Sigma-Adrich) as a reference. Insulin (0.1 mg mL-1 in 
acetonitrile/water mixture) was mixed with sinapic acid (80 mg mL-1 in acetonitrile/water 
mixture) in a 1:1 volume ratio and deposited onto MALDI target plate. 
IR spectroscopy was used to evaluated the yield of esterification by following the 
disappearance of the MAnh ester symmetric stretch peak at 1,850 cm-1 and the shift of 
the ester asymmetric stretch peak from 1,770 cm-1 to 1,730 cm-1. A more intense peak 
attributed to the alkane C-H stretch at 2,700-3,000 cm-1 was observed after introduction 
of long alkyl chains. 
TGA was performed in alumina crucibles at a heating rate of 10 °C/min from 25 to 
650 °C under N2, on a Mettler Toledo TGA/DSC 1 instrument. Analysis was performed 
on Mettler-Toledo STARe software. 
Differential Scanning Calorimetry (DSC) were recorded using a Mettler-Toledo DSC 
1 Instrument using 40 μl aluminium pans under nitrogen atmosphere. Samples were 
heated and cooled at 10 °C/min to 40 °C/min between the range of 25 °C to 300 °C for 
PSMA before functionalisation. For the grafted materials, 10 °C/min heating and cooling 
rate was used over the range of -25 °C to 250 °C. These cycles were repeated 3 times. 
Samples were analysed using Mettler-Toledo STARe software. Melting and 
crystallisation temperatures were measured at the maximum endotherm and exotherm 
peaks, respectively.  
Procedure for 4xCTA synthesis 
The esterification of S-1-dodecyl-S’-(α,α’-dimethyl-α’-acetic acid)trithiocarbonate 
(CTA-Acid) (13 g, 35 mmol) with pentaerythritol (0.4 g, 3 mmol) was carried out in the 
presence of methane sulfonic acid (MSA) catalyst (0.180 g, 1.5 mmol, 0.1 equiv. / 
alcohol) under reflux of toluene using Dean-Stark apparatus under nitrogen atmosphere. 
After 20 hours, the toluene was evaporated and the mixture was dissolved in a minimum 
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amount of hexane before being purified by column chromatography (silica column SF25 
40g – flow rate 40 ml/min – hexane/ethyl acetate gradient). The pure 4xCTA was 
recovered as orange/yellow oil (mass recovered ≈ 1 g). 
Typical RAFT polymerisation (macroCTA for multiblock – PSty DP = 10) 
Industrial grade CTA-Ester (1.4 g, 2.7 mmol), Sty (2.9 g, 27 mmol), V-40 (0.06 g, 
0.25 mmol) and toluene (0.35 mL) were charged into a two-neck round bottom flask 
equipped with a magnetic stirrer bar, a condenser on one neck and a rubber septum on the 
other neck. The solution was degassed using nitrogen for ca. 15 min before being placed 
in a thermostated oil bath set at 100 °C. After overnight reaction (ca. 15 hrs) a sample 
was taken from the polymerisation medium for characterisation. The copolymer was 
characterised using 1H-NMR and SEC (conv. = 96 %, Mn,theo = 1,400 g mol
-1, Mn,RI-SEC-
THF = 1,200 g mol
-1and ĐRI = 1.06). 
One-pot sequential chain extension (PSty10-b-PSMA5) 
The reactor vessel containing the reaction mixture of macroCTA (PSty10) synthesis was 
flooded with a nitrogen stream, and toluene (1.4 mL) was added for dilution. Maleic 
anhydride (1.4 g, 14 mmol), styrene (1.4 g, 14 mmol), and V-40 (0.05 g, 0.18 mmol) were 
added to the polymerisation medium via syringe. The reaction mixture was degassed for 
ca. 15 min and allowed to polymerise at 70 °C for the desired reaction time (ca. 8 hrs). A 
sample was taken from the polymerisation medium before and after each chain extension 
for characterisation. As MAnh is barely soluble in toluene, it was dissolved in a small 
amount of dioxane before addition. Importantly, the amount of initiator remaining after 
each cycle was taken into account for the following polymerisation step (equation 1.3). 
The copolymer was characterised using 1H-NMR and SEC (conv. = 93 %, Mn,theo = 
2,400 g mol-1, Mn,RI-SEC-THF = 1,500 g mol
-1and ĐRI = 1.11). 
Typical procedure for functionalisation of PSMA materials with behenyl alcohol 
The pure multiblock materials (3.0 g, 0.06 mmol) were reacted with long aliphatic 
alcohols (C22OH, 11.6 g, 35 mmol, 6 equiv. / MAnh) in the presence of methane sulfonic 
acid (MSA) catalyst (0.4 g, 3.5 mmol, 0.1M equiv. / alcohol). The esterification was 
carried out using Dean-Stark apparatus under reflux of toluene (≈ 70 wt. %). After 
reaction (ca. 20 hours), the mixture was precipitated several times in acetone from a 
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minimum amount of diethyl ether. The precipitate was dried in an oven and recovered as 
an off-yellow solid (mass recovered = 3 g). The graft copolymer was characterised using 
IR, quantitative 1H-NMR and 13C-NMR spectroscopy and SEC (yield = 95 %, Mn,calc = 
11,200 g mol-1, Mn,3d-SEC-CHCl3 =10,000 g mol
-1and ĐRI = 1.17). 
Determination of monomer conversion 
The conversion for each block was estimated by following styrene consumption as 
described in previous chapters (equation 2.5). For PSMA block, the conversion of styrene 
and MAnh was assumed to be identical. 
Calculation of Mn,theo 
For the polystyrene macroCTA and PSMA blocks, the theoretical number-average molar 
mass (Mn,th) was calculated as described in previous chapters using equation 2.6 (MSty = 
104 g mol-1and MSMA = 202 g mol
-1).  
 
Calculation of livingness 
The fraction of living chains was calculated using equation 1.2 presented in previous 
chapter.74 We use fc = 1 for styrene as it mainly terminates by combination (leads to an 
under-estimation), however, fc = 0 was used for PSMA blocks as no information on 













with Tg the glass transition of the copolymer, x1 and x2 weight fractions of components 1 
and 2, and Tg,1 and Tg,2, their respective glass transition. 
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 Well-Defined Graft PSMA Architectures as Oil 
and Lubricant Additives 
 
Abstract 
The well-defined PSMA materials synthesised in the previous chapter (multisite, 
multiblock, diblock, alternating linear, alternating star) were esterified using long alkyl 
alcohols (lauryl/C12 and behenyl/C22) and investigated as rheology improvers for two 
mineral base oils (group II and III). The influence of grafting density and distribution, 
backbone length, and side chain length on pour point (PPT) was investigated. The 
viscosity index (VI) and thickening efficiency (TE) were also studied. All studied 
materials showed improvement of mineral oil properties (PPT, VI, and TE). The 
alternating materials (high density of side chains) functionalised with shorter alkyl chains 
(C12) were found to be more efficient as pour point depressants (PPDs), regardless of the 
oil type and the molar mass or architecture of the polymer tested. A polylaurylacrylate 
(PLAc) material was also synthesised and used for comparison, showing the benefit of 
having styrene in copolymer additive composition. The VI and TE performances were 
shown to be dependent on molar mass and architectures used, where the best results were 
obtained for high molar mass PSMA star. 
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5.1 Introduction 
One of the major challenges of petroleum and its derivatives (crude oil, lubricating oil, 
fuel) is the precipitation of n-paraffin as wax at low temperature.1 The wax formation 
leads to drastic changes on rheological properties and complicates oil flow at low 
temperatures. Wax crystallisation is responsible for many problems occurring in oil 
production, storage and transportation, and complicates the use of hydrocarbon fuels in 
cold climates (deposits and blockages).2-7 This problem can be addressed chemically by 
adding polymeric additives acting as pour point depressants (PPDs) or flow improvers 
(FIs). Copolymers with linear or comb-like architectures have been largely investigated 
and proven efficient as wax inhibitors.8, 9 Poly(ethylene-co-vinyl acetate) (EVA),10-13 
poly(ethylene-co-butene),14-16 poly(α-olefins),17 poly(alkylacrylates),18, 19 
poly(alkylmethacrylates),20, 21 and copolymers of maleic anhydride with styrene, α-
olefins or vinylic esters,3, 4, 22, 23 are among the most efficient commercially available pour 
point depressants. Despite many investigations and extensive literature, the basic 
mechanism of the pour point phenomenon and how polymeric additives affect the pour 
point are currently not fully understood.2, 3, 24-26 It is generally believed that the inhibition 
of wax crystallisation occurs via nucleation, co-crystallisation or adsorption of PPDs, 
altering the crystal morphology and growth characteristics. By destroying cohesive forces 
between crystals, it reduces the formation of interconnected three-dimensional wax 
networks leading to gelation.19, 27 Although it is important to understand that, because of 
the variety of oil compositions and their multiple applications, each oil requires specific 
additives and therefore a universal PPD system is unlikely.3 It is reported that the 
efficiency of the PPDs depends upon many factors, such as n-paraffin details (content and 
composition) and polymer additive features (composition, molar mass and pendant chain 
nature).20, 28-31 Moreover, it has been found that greater similarity between the polymer 
structure and the wax constituents results in better performance. For optimal depressing 
results, the polymer additives must contain long aliphatic side chains and benzene rings 
interacting with paraffins or aromatics (asphaltenes) present in oils. Furthermore, the 
presence of polar groups (ester or carboxylic acids) and steric hindrance (graft or 
branched structure) helps to interfere with the wax crystallisation process by changing 
crystal size and morphology. The composition and structure of polymeric additives is thus 
fundamental to optimise oil derivative efficiency, durability and performance. In addition 
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to PPDs and flow improvers, lubricating oils also require additives such as viscosity 
modifiers, antiwear, antioxidants and dispersants. The development of new additives 
combining multifunctional property modifications is therefore of large interest to reduce 
the overall costs.32 
Poly(styrene-co-maleic anhydride) copolymers (PSMA) with aliphatic side chains are 
interesting graft materials which fulfil most of the oil additive requirements and have 
already proven themselves as efficient PPDs/viscosity modifiers in crude oil.4, 33-35 Their 
efficiencies were shown to depend on polymer structure and concentration, however, 
other factors were found to be crucial, such as the distance between pendant side chains, 
molar mass, polymer dispersity and the amorphous or crystalline nature of the additives.4, 
5, 36 Thus, controlling structural parameters of these copolymers is a major challenge in 
the development of efficient additives. However, most of the PSMA materials (and other 
graft copolymers) studied to date suffer from poor compositional and structural control 
due to the free radical polymerisation process typically used in industry. With the recent 
advances in controlled radical processes, it is now possible to access well-defined 
materials with novel polymeric architectures, opening the way for new materials with 
great potential for use as oil additives. 
In this Chapter, graft PSMA materials (multisite, multiblock, diblock, alternating linear, 
alternating star) with short alkyl side chains (C12) were prepared and used in combination 
with the materials synthesised in previous chapter (PSMA-C22) to investigate the effect 
of structure, composition, molar mass, side chain length and type of architecture on the 
rheology of two mineral oils (group II and III). The pour points of oil-polymer blends 
were measured at different concentrations (0.2 wt. %-0.8 wt. %). The viscosity index (VI) 
and thickening efficiency (TE) were also investigated to determine potential performance 
as lubricating oil additives.  
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5.2 General scheme 
 
Scheme 5.1. General route for the synthesis of graft PSMA materials by RAFT and performances 
for oil and lubricant additives. 
 
5.3 Results and Discussion 
5.3.1 Material features 
The graft PSMA materials were synthesised by optimised RAFT polymerisation and 
subsequent esterification as described previously in Chapter 4 (Scheme 4.1). The PSMA 
materials prepared in a previous chapter (PSMA-C22) were re-used here and new 
materials with shorter side chains (PSMA-C12) were prepared (characterisation details in 
Appendix). All the materials were purified by performing several precipitations to remove 
the excess long alkyl chains which could affect the quality of performance measurements. 
The features of all materials including molar mass, dispersity, yield of esterification and 
material behaviour in chloroform (Rg, Rh, IV, and α) are shown in Table 5.1. As discussed 
in a previous chapter, the comparable molar mass and narrow dispersity of the PSMA 
backbones (Entry 1-4) allow the study of the influence of grafting density and distribution 
on material properties. The increase in grafting density between materials was observed 
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through the number of alkyl chains inserted and the increase of molar mass after 
esterification. As observed previously, a small increase of molecular size (Rg and Rh) 
correlating with molar mass and grafting density is obtained. The increase of the side 
chain density was shown to give denser materials (lower IV), and all materials were seen 
to adopt random coil conformation in chloroform (α > 0.5).37, 38 When functionalised with 
shorter side chains, similar conformation was observed (α > 0.5), however, lower 
molecular size and similar IV were observed (Entry 4 vs. 5). This, was attributed to the 
inherent decrease of molar mass associated with the use of shorter alkyl chains. Similarly, 
the linear material with higher molar mass exhibited lower molecular size and lower IV 
values when grafted with shorter side chains (Entry 6 vs. 7). The 4xPSMA exhibited a 
more compact structure compared to its linear counterpart as smaller molecular size, 
lower IV and lower α values were obtained (Entry 7 vs. 8). The linear polylaurylacrylate 
(PLaurylAc) synthesised to compare with the short linear PSMA exhibited similar molar 
mass and narrow dispersity, allowing good comparison (Entry 5 vs. 9). The synthesis of 
all these materials and their rigorous characterisation opened the way for a complete study 
of the influence of polymer composition, grafting density and distribution, molar mass, 
side chain length, and architecture on their rheological properties. 
 
Table 5.1. Polymer Material Features 
Entry Materials 































1 Multisite 6,400d 1.29d C22 99 10 9,300d 1.20d 2.57d 2.30d 0.081d 0.72d 
2 Multiblock 5,100d 1.20d C22 95 19 11,100d 1.17d 2.53d 2.42d 0.080d 0.83d 
3 Diblock 6,400d 1.22e C22 96 25 14,700d 1.12d 2.74d 2.61d 0.077d 0.73d 
4 Alt-Linear 6,200e 1.13e C22 87 40 21,900d 1.16d 2.91d 2.89d 0.069d 0.71d 
5 Alt-Linear 6,200e 1.13e C12 97 44 19,000d 1.28d 2.87d 2.78d 0.072d 0.68d 
6 Alt-Linear 48,200e 1.19e C22 87 394 174,200d 1.26d 8.39d 8.82d 0.248d 0.59d 
7 Alt-Linear 48,200e 1.19e C12 93 419 133,000d 1.28d 8.16d 7.61d 0.209d 0.61d 
8 Alt-Star 44,900e 1.15e C12 91 364 138,900d 1.20d 7.71d 6.75d 0.139d 0.50d 
9 PLaurylAc - - C12 - 52 17,700d 1.30d 2.63d 2.84d 0.082d 0.87d 
a Obtained from triple-detection SEC (RI, Viscometer, LS) using dn/dc values measured off-line. b Obtained using 
conventional SEC with RI detector. c Obtained from 13C-NMR using peak at 64.5 ppm corresponding to the number of 
alkyl chains grafted and peak at 172 ppm corresponding to the number of MAnh units inserted. d SEC in Chloroform. e 
SEC in DMF. 
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5.3.2 Pour point measurements 
The efficiency of all polymeric materials as pour point depressants was studied on two 
mineral oils (group II and III) using polymer-oil blends at different concentrations 
(0.2 wt. %-0.8 wt. %). The preliminary testing was conducted as a single component 
formulation, however, further testing on full lubricant formulation would be required to 
gain reliable results. Table 5.2 shows the pour point values for pure mineral oils and for 
the different formulations. The polylaurylacrylate and an internal reference from Lubrizol 
(LZPP3) were used as controls for comparison. Interestingly, the pour point of the two 
mineral oils was reduced for all formulations, confirming the potential of PSMA 
materials. Moreover, the depressant activity appeared to be highly dependent on additive 
composition and structure. Overall, the concentration seemed to have relatively low 
impact on material activity as similar results were obtained on the range of polymer 
concentrations. 
Table 5.2. Pour point values for the different polymer-oil formulations 
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5.3.2.1 Influence of the grafting density and distribution 
 
Figure 5.1. Pour point results for grafted (C22) PSMA materials of similar backbone length (5-6k 
g mol-1) with different structure and composition measured in two different oil groups (II and III).  
The PSMA materials with different structures (multisite, multiblock, diblock and 
alternating) functionalised with behenyl (C22) alcohol (Table 5.1 - Entry 1-4), were all 
shown to decrease the pour point of both oils to values between - 20 °C and - 30 °C 
(Figure 5.1). In oil group II, the alternating material (higher density of side chains) 
appeared to be slightly more efficient (ΔPPT -12 °C) compared to materials with lower 
side chain density (Table 5.2 –Entry 1-4). The higher number of long alkyl side chains 
potentially facilitates the co-crystallisation or adsorption of PPDs with paraffin chains 
resulting in an improved activity of alternating materials. Moreover, the increasing 
content of styrene in structures with lower side chain density might influence the PPD 
solubility resulting in lower efficiency as polystyrene is barely soluble in oil. In oil group 
III, similar results were obtained for all materials with a slightly better activity noticed 
for both alternating and multisite materials at low polymer concentration (ΔPPT -15 °C). 
While the grafting density and distribution seems to have less impact in oil group III, the 
alternating materials appeared to be efficient in both oils. The distance between pendent 
chains in graft copolymers was previously mentioned as a potential factor to improve 
PPD efficiency.36 From our series of experiments, it appeared that the material with higher 
grafting density (short spacing) was slightly more efficient, confirming an influence of 
this criterion. Because no obvious positive contribution was observed by spacing the side 
chains, and because their synthesis is more straightforward (one-step), further 
experiments were focused on alternating PSMA materials. 
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5.3.2.2 Influence of the backbone length and alkyl side chain length 
 
Figure 5.2. Pour point results for alternating PSMA (DP = 28 vs. DP = 250) of different backbone 
length (5k vs. 50k g mol-1, respectively) grafted with either lauryl (C12) or behenyl (C22) side 
chain, measured in two different oil groups (II and III). 
 
Alternating PSMA materials with different side chain length (C12 vs. C22) and larger 
overall molar mass (> 100k g mol-1) were tested. A greater depressing activity was 
obtained for shorter side chains (ΔPPT -36 °C in group II and ΔPPT -30 °C in group III), 
however, increasing the overall molar mass seemed to have minor impact on their activity. 
These results were in good agreement with previous studies on lubricating oil and diesel 
fuels where better depressing activity was observed with shorter alkyl side chain 
polymers.36, 39, 40 The lower ability of crystallisation of shorter side chains is hypothesised 
to reduce wax crystal formation while increasing the additive solubility and promoting 
the interaction with paraffin chains in solution. Interestingly, a different trend is observed 
in crude oil (higher paraffin content), as longer side chains (>C18) were shown to increase 
the depressing activity.4, 30 These observations confirmed the dependence of depressing 
activity with respect to many factors, such as n-paraffin details (content and composition) 
and polymer additive features (composition, molar mass and pendant chain nature). 
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5.3.2.3 Influence of the architecture and aromatic groups 
 
Figure 5.3. Pour point results for alternating PSMA (DP = 28 vs. DP = 250 vs. 4xDP = 60) grafted 
with lauryl (C12) side chain, PLaurylAc (DP = 60), and Lubrizol internal reference (LZPP3) 
measured in two different oil groups (II and III). 
 
To study the influence of more compact architectures on lubricant properties, a star PSMA 
material was tested. Interestingly, the 4xPSMA exhibited good depressing activity but 
showed no major improvement compared to its linear analogue (ΔPPT -33 °C in group II 
and ΔPPT -30 °C in group III) (Figure 5.3). The high density of chains and the steric 
hindrance near to the core might reduce interaction of side chains with free paraffin chains 
in the core, resulting in no improvement compared to linear analogues. However, because 
star materials are usually more compact materials (lower IV) and exhibit better activity 
as viscosity modifiers (higher VI, better shear stability), the results were encouraging. In 
order to study the benefit of aromatic groups in the structure, a polylaurylacrylate with 
comparable molar mass to the linear PSMA grafted with lauryl side chains was also tested. 
The PLaurylAc homopolymer was shown to improve the pour point of both oils (ΔPPT -
21 °C in group II and ΔPPT -24 °C in group III), however, a lower depressing activity 
was obtained compared to materials containing styrene in their composition. This 
confirms the benefit of having aromatic groups in the molecular structure of pour point 
depressants. This was previously reported and explained by the ability of these groups to 
interact (π-π stacking) with aromatic compounds present in various oils (asphaltenes).3, 41 
In fact, nucleation with these large aromatic groups can provide local defects in the 
structure, preventing the formation of strong interpenetrating networks. The comparison 
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of PSMA materials functionalised with lauryl side chains with a Lubrizol internal 
reference additive (LZPP3) showed relatively high efficiency of these materials as PPDs 
(Figure 5.3 - Table 5.2). 
5.3.3 Rheology study 
All the synthesised polymeric materials showed promising activity as pour point 
depressants, however, controlling other properties such as viscosity index and thickening 
efficiency is also required to optimise lubricant formulation. The viscosity index and 
thickening efficiency were determined for polymer–oil blends at different concentrations 
(0.4-0.8% equal active concentration) in group oil II and III (Table 5.3). In both oils, an 
increase of VI and TE correlating with the molar mass of PSMA additives was observed 
(Entry 1-2 vs. 3-4). This is usually explained by the expansion of solvated additives 
(increase of molecular size) occurring when temperature increases, counterbalancing the 
drop of oil viscosity at high temperature by thickening effects.32  
 















0 Oil only 100 19.80 4.12 108 - 19.23 4.25 129 - 
1 
Alt28-C12 
(19k g mol-1) 
0.4 19.99 4.17 111 1.6 19.41 4.27 128 0.5 
2 0.8 20.41 4.22 111 1.4 19.68 4.32 130 0.9 
3 
Alt250-C12 
(133k g mol-1) 
0.4 20.51 4.26 113 3.9 19.82 4.37 133 3.0 
4 0.8 21.14 4.40 119 3.7 20.37 4.5 138 3.1 
5 
4xAlt60-C12 
(138k g mol-1) 
0.4 20.35 4.23 112 3.1 19.76 4.35 132 2.6 
6 0.8 20.97 4.36 117 3.2 20.39 4.50 137 3.1 
7 
PLaurylAc60 
(18k g mol-1)k 
0.4 20.08 4.15 108 0.9 19.38 4.33 135 1.9 
8 0.8 20.17 4.19 111 1.0 19.62 4.30 129 0.6 
LZPP3 
PSMA 
0.4 20.79 4.33 117 5.6 20.13 4.44 135 4.7 
LZPP3 0.8 21.97 4.60 127 6.1 21.16 4.69 145 5.3 
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Moreover, the increase of additive concentration also increases the total volume of 
solvated polymer leading to better thickening effects. In this study, increasing the 
concentration of additives was shown to increase the VI, especially for high molar mass 
materials (Entry 1 vs. 2, 3 vs. 4 and 5 vs. 6), however, no significant effect on TE was 
observed on this range of concentration. Interestingly, the especially low kinematic 
viscosity results for short PSMA (low TE) compared to LZPP3 (Entry 1-2 vs. LZPP3), 
coupled with the good pour point results from Table 5.2, give an added benefit for 
formulations that require low viscosity grades (e.g. 0W-16/8). The comparison between 
the linear and the 4xPSMA of similar molar mass showed slightly lower VI and TE values 
for the star material (Entry 3-4 vs. 5-6). This was expected as the expansion of a star 
material is limited compared to its linear analogue, as shown previously from the intrinsic 
viscosity and Mark-Houwink parameter values in chloroform (Table 5.1). While the 
molar mass of polymeric additives was found to have only a minor impact on pour point 
depressing activity, it is now clear that controlling molar mass is essential to improve the 
rheological properties of the final lubricant. Moreover, in contrast with the pour point 
results, the presence of styrene in the additive composition did not show significant 
improvement, as similar VI and TE were obtained for PSMA and polylaurylacrylate of 
similar size (Entry 1-2 vs. 7-8). When compared to an internal reference from Lubrizol 
(LZPP3), these materials showed promising results pushing for more investigation on 
well-defined polymeric systems as lubricant oil additives. 
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5.4 Conclusion 
In this chapter, well-defined graft copolymers (PSMA and polylaurylacrylate) were 
exploited to study the influence of additive composition, grafting density and distribution, 
molar mass, and side chain length on pour point, viscosity index and thickening efficiency 
of two mineral oils. While all the materials were shown to improve the pour point, the 
best pour point depressant activity was obtained for materials with higher density of side 
chains (alternating PSMA), with an improvement of 36 °C in group II and 30 °C in group 
III (PPT= -51 °C and PPT= -42 °C, respectively). The depressing activity was shown to 
be independent of the molar mass, however, the use of shorter aliphatic side chains (lauryl 
- C12) offered the best efficiency for both oils. While the molar mass of the polymeric 
additives did not seem to influence the pour point, high molar mass materials were shown 
to have more impact on the viscosity index and thickening efficiency of the two mineral 
oils. Moreover, the presence of styrene in the structure was shown to be highly desirable 
to improve the pour point, however, no effect on VI and TE was observed. According to 
the present results, the use of alternating PSMA materials with short side chains (C12) is 
recommended to improve the pour point of lubricating oil from group II and III. 
Moreover, varying the molar mass of the materials is suggested to control the viscosity 
of the final formulation. The use of compact architectures (star) seems also beneficial, 
however, the production of those materials is more challenging. 
  




Laurylacrylate (LaurylAc, 90 %) were obtained from Sigma-Aldrich and passed through 
neutral alumina prior to use to remove inhibitor. 1,1'-Azobis(cyclohexane-1-carbonitrile) 
(V-40, T1/2-10h = 88 °C, 98 %), pentaerythritol (99 %) and methane sulfonic acid (MSA, 
70 wt. % in H2O) were obtained from Sigma-Aldrich and used as received. Industrial 
grade CTA-Ester (≈ 80 % pure), CTA-Acid (> 95 % pure), lauryl and behenyl alcohols 
were generously provided by Lubrizol and used without purification.42, 43 All solvents 
were obtained from either Fisher Scientific or Sigma-Aldrich and used as received. 
Mineral oils were provided by Lubrizol (Chevron and SK Lubricants). 
 
 
5.5.2 Mineral oils compositions 
 
Properties Oil group II Oil group III 
Origin Chevron SK Lubricants 
Reference 100N 100N 
Density (g cm-3) at 15.6°C 0.848 0.833 
Viscosity at 40 °C in cSt 19.80 19.23 
Viscosity at 100 °C in cSt 4.12 4.25 
Viscosity Index 108 129 
Pour point (°C) -15 -12 
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5.5.3 Preparation of polymeric additives 
5.5.3.1 PSMA materials synthesis and characterisation 
All the PSMA materials were prepared by RAFT polymerisation using industrial CTA-
Ester or 4xCTA-Ester following a method described in previous chapter. 
5.5.3.2 PSMA materials esterification 
The esterification method to prepare PSMA materials with behenyl side chains (C22) was 
described in a previous chapter. PSMAs with lauryl side chains (C12) were prepared 
following a similar method by reacting the pure PSMA copolymer (DP =250, 3.0 g, 
0.06 mmol with long aliphatic alcohol (C12OH, 16.6 g, 88 mmol, 6 equiv. / MAnh) in the 
presence of methane sulfonic acid (MSA) catalyst (1.1 g, 8.8 mmol, 0.1M equiv. / 
alcohol). The esterification was carried out using Dean-Stark apparatus under reflux of 
toluene (≈ 70 wt. %). After reaction (ca. 20 hours), the mixture was precipitated several 
times in cold methanol and isopropyl alcohol from a minimum amount of diethyl ether. 
The precipitate was dried in an oven and recovered as an off-yellow solid (mass recovered 
= 10 g). The graft copolymer was characterised using infrared spectroscopy (IR), 
quantitative 1H-NMR and 13C-NMR spectroscopy and SEC (yield = 93 %, Mn,calc = 
128,900 g mol-1, Mn,3d-SEC-CHCl3 =133,000 g mol
-1and ĐRI = 1.28). 
5.5.3.3 Polylaurylacrylate (DP =60) 
The polylaurylacrylate was synthesised following a typical RAFT polymerisation 
procedure using industrial grade CTA-Ester without purification. Laurylacrylate (8 g, 
30 mmol), CTA-Ester (0.26 g, 0.5 mmol), V601 (0.01 g, 0.045 mmol) and toluene 
(19.6 mL) were introduced into a vial equipped with a magnetic stirrer bar and sealed 
with a rubber septum. The solution was degassed using nitrogen (ca. 15 min) before being 
placed in a thermostated oil bath set at 65 °C. After reaction completion (ca. 20 hours), 
the mixture was allowed to cool down at room temperature and then purified by 
precipitation in cold methanol (mass recovered = 6.8 g). The copolymer was characterised 
using 1H-NMR spectroscopy and SEC (monomer conversion = 87 %, 
Mn,theo = 13,000 g mol
-1, Mn,3d-SEC-CHCl3 = 17,700 g mol
-1and ĐRI = 1.30). 
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5.5.4 Polymer materials characterisation 
The monomer conversion (conv.), theoretical molar mass (Mn,theo), and esterification yield 
were determined using NMR and IR spectroscopy in the same conditions and following 
the same methodology presented in chapter 4. The average number molar mass (Mn,RI), 
dispersity (ÐRI), the true molar mass (Mn,3d-SEC), intrinsic viscosity (IV), radius of gyration 
(Rg), hydrodynamic radius (Rh), Mark-Houwink parameter (α) and conformation data 
were determined by SEC (conventional or triple-detection) using similar parameters and 
refractive index increments values (dn/dc) as presented in chapter 4 (Table 4.4). 
5.5.5 Pour point measurements 
The polymer additives were mixed with mineral oils at different concentrations (0.2, 0.4, 
and 0.8 wt. %) and blended prior to measuring the pour point using a standard method 
(ASTM D5950 Automated Tilt). The instrument was run using 3 °C intervals between the 
range of -54 °C to +51 °C. 
5.5.6 Rheology investigations (viscosity index and thickening efficiency) 
The kinematic viscosity (KV) of the different formulations was measured using a 
capillary viscometer (Houillon viscometer VH1 – Integrated Scientific LTD) following a 
standard method (ASTM D7279). The viscosity/temperature relationship, or Viscosity 
Index (VI), was calculated using the standard method ASTM D2270 by measuring the 
kinematic viscosity values measured at 40 °C and 100 °C (KV40 and KV100). 
The thickening efficiency (TE) is a unitless number used by oil companies to describe the 
benefit in viscosity at 100 °C of an oil (boost in KV100) after addition of a known amount 
of polymer. The TE gives an indication of the quantity of polymer required to reach a 
desired viscosity. The higher the TE, the lower amount of polymer is required (cost 
saving). Generally, polymers with higher molar mass exhibit greater thickening 
efficiency, however, the benefit (cost saving) is usually counterbalanced by low shear 
stability of these polymers, thus leading to loss in durability of the fluid. 





× 100 5.1 
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 Conclusion 
The overall aim of this thesis was to exploit RAFT polymerisation technology to 
synthesise well-defined graft copolymers via a scalable route and study their potential for 
application as oil and lubricant additives. 
This was achieved by adapting the RAFT process to industrial conditions (industrial grade 
CTA and one-pot process) and by using a comonomer system of interest for Lubrizol 
(polystyrene-co-maleic anhydride or PSMA). A library of well-defined PSMA materials 
grafted with long aliphatic side chains (lauryl and behenyl) was achieved using optimised 
RAFT process and post-polymerisation functionalisation. The influence of side chain 
density and distribution on material properties (thermal, solution) was confirmed and the 
performance of graft PSMA materials as lubricant additives demonstrated (pour point 
depressants and viscosity modifiers). 
In chapter 2, the industrial RAFT agent (CTA-Ester) produced in metric tons by Lubrizol 
was investigated. The purity of the industrial grade CTA-Ester was determined and the 
main impurities identified. The RAFT agent performances were determined 
experimentally by measuring the chain transfer constant and by studying the kinetics of 
polymerisation for styrene and methacrylates (methyl and lauryl) monomers in solution. 
CTA-Ester was found efficient for the controlled polymerisation of styrene (Ctr 
app = 27), 
however, poor control was obtained for methacrylate monomers (Ctr
app < 1). The use of 
different CTAs (with cyano-alkyl R group) or process optimisation (feeding) was 
proposed as a good alternative to achieve RAFT polymerisation of methacrylates. 
Considering the excellent efficiency of industrial grade CTA-Ester for styrene 
polymerisation, the experimental conditions for the synthesis of a DP =10 polystyrene 
macroCTA were optimised. To allow the chain extension strategy developed in chapter 3 
to perform in the best conditions, a macroCTA with controlled molar mass, narrow 
dispersity and high livingness was prepared. 
The main objective of chapter 3 was the synthesis of a well-defined graft PSMA material 
with low density of side chains compared to traditional alternating PSMA materials. A 
one-pot sequential monomer addition strategy using previous macroCTA and optimised 
RAFT conditions was developed. This allowed the preparation of a multisite copolymer 
composed of a polystyrene backbone (DP = 50) with maleic anhydride units inserted 
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locally (every 10 units in average). An average of six MAnh units were inserted along the 
polystyrene backbone as either one local monomeric unit or as short alternating / random 
blocks with an overall dispersity of 1.35. The composition and structure of the multisite 
materials were confirmed using several characterisation techniques such as, NMR, SEC 
and MALDI-ToF-MS. The MAnh moieties were subsequently functionalised with long 
alkyl chains (C18) yielding graft materials with low density of side chains (12 per 
polymer chain). By showing the possibility to make a well-defined material with such 
complex architectures on gram scale using industrial grade CTA-Ester, the great potential 
of RAFT polymerisation for industrial application was demonstrated. 
The optimised RAFT polymerisation developed in chapter 2 and the one-pot sequential 
monomer extension strategy from chapter 3 were exploited in chapter 4 for the synthesis 
of various PSMA copolymers allowing the preparation of materials with controlled 
density and distribution of side chains (linear multisite, multiblock, diblock and 
alternating) and more complex architectures (alternating star). A tetrafunctional CTA-
Ester (4xCTA) was specifically prepared from CTA-Acid (CTA-Ester precursor) giving 
access to a four arm PSMA star copolymer. To our knowledge, this was the first reported 
example of a 4xPSMA star prepared by RAFT. The PSMA materials were subsequently 
functionalised with long alkyl chains (C22), leading to a library of graft copolymers with 
controlled side-group density and distribution. The influence of copolymer composition 
and structure, and the effect of long alkyl chain addition were investigated by a variety of 
analytical techniques (3d-SEC, TGA and DSC) and their effect on the physical and 
thermal properties of materials demonstrated. For instance, a difference of crystallisation 
temperature of about 30 °C was observed between the low density multisite material (Tc 
≈ 7 °C) and high density alternating material (Tc ≈ 40 °C) illustrating the major impact of 
controlling the density and distribution of the long aliphatic side chains on PSMA 
backbones. 
Finally, in chapter 5, the well-defined PSMA materials synthesised in the previous 
chapters (multisite, multiblock, diblock, alternating linear, alternating star) were esterified 
various alkyl alcohols (lauryl/C12 and behenyl/C22) and investigated as rheology 
modifiers in two mineral oils (group II and III). The influence of polymer additive 
composition, grafting density and distribution, molar mass, and side chain length on pour 
point, viscosity index (VI) and thickening efficiency (TE) were investigated. All the 
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PSMA materials were shown to improve the pour point with an efficiency depending on 
material structure and composition. The most promising results with respect to pour point 
depressant activity were obtained for an alternating structure with lauryl side chains, 
showing an improvement of 36 °C in group II and 30 °C in group III (PPT= -51 °C and 
PPT= -42 °C, respectively). While the molar mass was shown to have little impact on 
pour point, the effect on the viscosity index and thickening efficiency was demonstrated. 
Moreover, the presence of styrene monomer in the structure was shown to be highly 
desirable to improve the pour point, however, no effect on VI and TE was observed. The 
present results suggest the use of alternating PSMA materials with short aliphatic side 
chains (C12) to improve the pour point of mineral oils from group II and III. Moreover, 
varying the molar mass of the materials is suggested to control the viscosity of the final 
formulation. The use of compact architectures (star) seems also beneficial, however, the 
production of these materials is more challenging. 
In this thesis, the potential of RAFT technology for the industrial synthesis of advanced 
functional materials was demonstrated. The gram scale synthesis of complex PSMA 
architectures has allowed the preparation of materials with controlled distribution of side 
chain functionality and the study of their performance as oil and Lubricant additives. 
The materials have shown interesting properties and promising performances for this field 
of application, however, many aspects remain to be explored in this particular field and 
beyond. In term of materials design and synthesis, the preparation of PSMA copolymers 
(linear and star) with high or ultra-high molar mass could be of interest for application as 
rheology modifiers. The investigation of various graft functionalities (e.g. branched 
olefins) could also be beneficial to improve pour point depressing activity. Further 
investigations varying additive concentrations, oil type, or using final formulation could 
also help to obtain more reliable results, however, this would require the synthesis of more 
materials and their functionalisation. Interestingly, with more materials it would be also 
possible to extend the investigation to other performance testing such as, shear stability, 
lubricity (friction), anti-wear properties, oxidation stability and corrosion properties. 
Besides the benefits brought to the oilfield, the well-defined PSMA materials designed in 












Appendix Chapter 2 CTA-Ester Evaluation 
 
Figure A2-1 1H-NMR spectrum (CDCl3) of industrial grade CTA-Ester batch used for the synthesis 
of all materials and purity calculation. 
 
 













Figure A2-5 Mayo plot for styrene and MMA polymerisation using CTA-Ester (brown for styrene 




Appendix Chapter 3 Multisite Synthesis 
Table A3-1. Experimental conditions for each steps of multisite synthesis 



































































































Figure A3-2. A) MALDI-ToF mass spectrum for poly[(Sty10-s-MAnh1.5)]2. B) zoom corresponding 




Figure A3-3. A) MALDI-ToF mass spectrum for poly[(Sty10-s-MAnh1.5)2-b-PSty10] B) zoom 


































Figure A3-4. A) MALDI-ToF mass spectrum for poly[(Sty10-s-MAnh1.5)]3 B) zoom corresponding 
to the region in the dashed square in A).Proposed structures below spectrum.  
 
 
Figure A3-5. A) MALDI-ToF mass spectrum for poly[(Sty10-s-MAnh1.5)]3-b-PSty10 B) zoom 












































Figure A3-6. A) MALDI-ToF mass spectrum for poly[(Sty10-s-MAnh1.5)]4 B) zoom corresponding 
to the region in the dashed square in A).Proposed structures below spectrum. 
 
Figure A3-7. A) MALDI-ToF mass spectrum for poly[(Sty10-s-MAnh1.5)]4-b-PSty10 B) zoom 






































Figure A3-8. Quantitative 13C-NMR (600MHz – CDCl3) spectrum of pure multisite with zoomed 





Appendix Chapter 4 A Library of PSMA Architectures 
 
Figure A4-1. 1H-NMR spectrum in deuterated chloroform for CTA-Acid (top) and 4xCTA 
(bottom) 
 





Figure A4-3. MALDI-ToF spectrum for purified 4xCTA. The spectrum was recorded using DTCB 







Table A4-1. Experimental conditions for alt-PSMA copolymers synthesis in dioxane at 60°C. 
 



















P[Sty-alt-MAnh]28 SMA 2* 20 50 0.001 70 24 
Alt-PSMA 
50k 
P[Sty-alt-MAnh]250 SMA 1.5* 15 20 0.002 3 12 
4xPSMA 
50k 
4xP[Sty-alt-MAnh]60 SMA 1.8* 34 28 0.001 30 26 
*value for each SMA monomer (ex. 1.5M Sty + 1.5M MAnh) 
 


















P[SMA]28 92 5,600 8,100 1.13 99 19 
P[SMA]250 99 50,600 54,500 1.19 95 5 
4xP[SMA]60 95 47,600 45,200 1.15 98 8 
a Calculated by 1H NMR using eq. 2.5 and 2.6, b determined using SEC-DMF with PMMA standards, c 
cumulative livingness using eq.1.2. 
 
 




Figure A4-5. 1H-NMR spectrum for alternating PSMA DP250 at the end of polymerisation. 
 
 





Figure A4-7. SEC molar mass distribution for alternating PSMA copolymers after purification. 
SEC in DMF with PMMA standards. 
 
 
Figure A4-8. MALDI-ToF mass spectrum for pure alternating PSMA DP28. The spectrum was 
























PSty27 Sty 6 66 10 V40 0.040 6 100 18 
PSty27-b-PSMA14 SMA 1.5* 16 21 V601 0.001 125 60 23 
*value for each SMA monomer (ex. 1.5M Sty + 1.5M MAnh) 
 



















PSty27 90 3000 2600 1.14 92 - 
PSty27-b-PSMA14 93 5600 5300 1.22 92 10 
a Calculated by 1H NMR using eq. 2.5 and 2.6, b determined using SEC-THF with PS standards for MG259 








Figure A4-10. SEC molar mass distribution for diblock copolymer synthesis. Polystyrene 
macroCTA is shown in blue and the diblock PSMA in dashed green line. SEC in THF with  
polystyrene standards. 
 
Figure A4-11. MALDI-ToF mass spectrum for pure diblock copolymers. The spectrum was 























P[Sty]10 Sty 5.5 62 5 0.050 11 100 15 
P[Sty10-b-(SMA)5] SMA 1.5* 18 9 0.021 15 70 8 
P[Sty10-b-(SMA)5-b-PSty10] Sty 1.9 23 14 0.017 11 100 15 
P[Sty10-b-(SMA)5]2 SMA 0.5* 6 28 0.008 12 70 18 
P[Sty10-b-(SMA)5]2-b-PSty10 Sty 0.9 10 31 0.008 11 100 15 
*value for each SMA monomer (ex. 1.5M Sty + 1.5M MAnh) 
 

















P[Sty]10 96 1400 1200 1.06 96 
P[Sty10-b-(SMA)5] 93 2400 1500 1.11 95 
P[Sty10-b-(SMA)5-b-PSty10] 93 3300 2600 1.19 91 
P[Sty10-b-(SMA)5]2 82 4200 3200 1.20 91 
P[Sty10-b-(SMA)5]2-b-PSty10 88 5100 3800 1.25 87 
a Calculated by 1H NMR using eq. 2.5 and 2.6,b determined using SEC-THF with polystyrene standards,c cumulative 











Figure A4-12. 1H-NMR spectrum after each step of multiblock synthesis. 
 
Figure A4-13. SEC molar mass distribution for multiblock copolymer synthesis. Polystyrene block 
are shown in blue and PSMA block in dashed green line. The final product after purification is 
shown in red. SEC in THF with polystyrene standards.  
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Characterisation of graft PSMA 
IR 
 
Figure A4-14. IR spectra for PSMA28 copolymer before (top) and after esterification (bottom). 
 














Figure A 4-18. IR spectra for multiblock copolymer before (at the top) and after esterification 
(bottom). 
 







Figure A4-20. Quantitative 1H NMR spectra (CDCl3) for alternating PSMA28 before (A) and after 
(B) esterification. Esterification yield obtained by comparing integration between 0.5-4ppm before 
and after esterification. 
 
Figure A4-21. Quantitative 13C NMR spectra (CDCl3) for alternating PSMA28 before (A) and after 
(B) esterification. Esterification yield obtained by comparing number of MAnh (spectrum A at 172 




Figure A4-22. Quantitative 1H NMR spectra (CDCl3) for alternating PSMA250 before (A) and after 
(B) esterification. Esterification yield obtained by comparing integration between 0.5-4ppm before 
and after esterification. 
 
Figure A4-23. Quantitative 13C NMR spectra (CDCl3) for alternating PSMA250 before (A) and after 
(B) esterification. Esterification yield obtained by comparing number of MAnh (spectrum A at 172 




Figure A4-24. Quantitative 1H-NMR spectra for alternating 4xPSMA60 before (A) and after (B) 
esterification. Esterification yield obtained by comparing integration between 0.5-4ppm before and 
after esterification. 
 
Figure A4-25. Quantitative 13C NMR spectra for alternating 4xPSMA60 before (A) and after (B) 
esterification. Esterification yield obtained by comparing number of MAnh (spectrum A at 172 ppm) and 




Figure A4-26. Quantitative 1H NMR spectra (CDCl3) for diblock copolymer before (A) and after 
(B) esterification. Esterification yield obtained by comparing integration between 0.5-4ppm before 
and after esterification. 
 
 
Figure A4-27. Quantitative 13C NMR spectra (CDCl3) for diblock copolymer before (A) and after 
(B) esterification. Esterification yield obtained by comparing number of MAnh (spectrum A at 172 




Figure A4-28. Quantitative 1H-NMR spectra (CDCl3) for multiblock copolymer before (A) and 
after (B) esterification. Esterification yield obtained by comparing integration between 0.5-4ppm 
before and after esterification. 
  
Figure A4-29. Quantitative 13C-NMR spectra (CDCl3) for multiblock copolymer before (A) and 
after (B) esterification. Esterification yield obtained by comparing number of MAnh (spectrum A 




Figure A4-30. Quantitative 1H-NMR spectra (CDCl3) for multisite copolymer before (A) and after 
(B) esterification. Esterification yield obtained by comparing integration between 0.5-4ppm before 
and after esterification. 
 
Figure A4-31. Quantitative 13C-NMR spectra (CDCl3) for multisite copolymer before (A) and after 
(B) esterification. Esterification yield obtained by comparing number of MAnh (spectrum A at 172 





Figure A4-32. SEC molar mass distribution for alternating PSMA28 before (blue) and after (Black) 
esterification. SEC using triple-detection in DMF (blue) and chloroform (black). 
 
 
Figure A4-33. SEC molar mass distribution for alternating PSMA250 before (blue) and after 





Figure A4-34. SEC molar mass distribution for alternating 4xPSMA60 before (green) and after 
(Black) esterification. SEC using triple-detection in DMF (green) and chloroform (black). 
 
 
Figure A4-35. SEC molar mass distribution of diblock copolymer before (blue) and after (Black) 




Figure A4-36. SEC molar mass distribution of multiblock copolymer before (blue) and after 
(Black) esterification obtained using triple-detection SEC in chloroform. 
 
Figure A4-37. SEC molar mass distribution of multisite copolymer before (blue) and after (Black) 











Figure A4-38. Normalized mass loss (bottom) and first derivative of mass loss (top) for controls 
(MAnh, side chains, CTA) and alternating PSMA copolymers. TGA in nitrogen with a heating rate 






Figure A4-39. Normalized mass loss (black) and first derivative of mass loss (blue) are presented 
for alternating PSMA28 copolymer (top) and after esterification with alkyl chain (bottom). TGA in 






Figure A4-40. Normalized mass loss (black) and first derivative of mass loss (blue) are presented 
for alternating PSMA250 copolymer (top) and after esterification with alkyl chain (bottom). TGA in 





Figure A4-41. Normalized mass loss (black) and first derivative of mass loss (blue) are presented 
for alternating star 4xPSMA60 copolymer (top) and after esterification with alkyl chain (bottom). 






Figure A4-42. Normalized mass loss (black) and first derivative of mass loss (blue) are presented 
for diblock copolymer before (top) and after esterification with alkyl chain (bottom). TGA in 






Figure A4-43. Normalized mass loss (black) and first derivative of mass loss (blue) are presented 
for multiblock copolymer before (top) and after esterification with alkyl chain (bottom). TGA in 







Figure A4-44. Normalized mass loss (black) and first derivative of mass loss (blue) are presented 
for multisite copolymer before (top) and after esterification with alkyl chain (bottom). TGA in 
















Figure A4-45. DSC curves measured for alternating PSMA28 copolymer before (top) and after 
esterification with alkyl chain (bottom). DSC in nitrogen with a heating rate of 30 °C/min and 
temperature range from 25 to 300 °C before esterification and heating rate of 10 °C/min and 










Figure A4-46. DSC curves measured for alternating PSMA250 copolymer before (top) and after 
esterification with alkyl chain (bottom). DSC in nitrogen with a heating rate of 30 °C/min and 
temperature range from 25 to 300 °C before esterification and heating rate of 10 °C/min and 








Figure A4-47. DSC curves measured for alternating star 4xPSMA60 copolymer before (top) and 
after esterification with alkyl chain (bottom). DSC in nitrogen with a heating rate of 30 °C/min and 
temperature range from 25 to 300 °C before esterification and heating rate of 10 °C/min and 










Figure A4-48. DSC curves measured for diblock copolymer before (top) and after esterification 
with alkyl chain (bottom). DSC in nitrogen with a heating rate of 30 °C/min and temperature range 
from 25 to 300 °C before esterification and heating rate of 10 °C/min and temperature range from 











Figure A4-49. DSC curves measured for multiblock copolymer before (top) and after esterification 
with alkyl chain (bottom). DSC in nitrogen with a heating rate of 20 °C/min and temperature range 
from 25 to 300 °C before esterification and heating rate of 10 °C/min and temperature range from 









Figure A4-50. DSC curves measured for multisite copolymer before (top) and after esterification 
with alkyl chain (bottom). DSC in nitrogen with a heating rate of 20 °C/min and temperature range 
from 25 to 300 °C before esterification and heating rate of 10 °C/min and temperature range from 
-20 to 250 °C after.  
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Appendix Chapter 5 PSMA as Oil and Lubricant Additives 
The details concerning materials with behenyl side chains (C22) are available in previous 
chapter. The esterification data concerning the lauryl functionalised materials (PSMA-
C12 and polylaurylacrylate) are available in following supporting information. 
 
Short PSMA with C12 
 
 
Figure A5-1. Quantitative 13C NMR spectra (CDCl3) for pure alternating PSMA28 before (A) and 
after (B) esterification. Esterification yield obtained by comparing number of MAnh (spectrum A 





Figure A5-2. Quantitative 1H NMR spectra (CDCl3) for pure alternating PSMA28 before (A) and 
after (B) esterification. 
 
 
Figure A5-3. Molar mass distribution for alternating PSMA28 before (blue) and after (Black) 




Figure A5-4. IR spectra for PSMA28 copolymer before (top) and after esterification (bottom) with 




Long Alternating with C12 
 
Figure A5-5.Quantitative 13C NMR spectra (CDCl3) for alternating PSMA250 before (A) and after 
(B) esterification. Esterification yield obtained by comparing number of MAnh (spectrum A at 173 
ppm) and number of alkyl chains (spectrum B at 64ppm). 
 
 
Figure A5-6. Quantitative 1H NMR spectra (CDCl3) for alternating PSMA250 before (A) and after 






Figure A5-7. Molar mass distribution for alternating PSMA250 before (blue) and after (Black) 





Star PSMA with C12 
 
Figure A5-8. Quantitative 13C NMR spectra (CDCl3) for alternating star 4xPSMA60 before (A) and 
after (B) esterification. Esterification yield obtained by comparing number of MAnh (spectrum A 
at 173 ppm) and number of alkyl chains (spectrum B at 64ppm). 
 
 
Figure A5-9. Molar mass distribution for alternating 4xPSMA60 before (green) and after (Black) 






Figure A5-10. IR spectra for 4xPSMA60 copolymer before (top) and after esterification (bottom) 






Figure A5-11. 1H-NMR spectrum (CDCl3) for pure PLaurylAc60. 
 
Figure A5-12. Molar mass distribution for PLaurylAc60 (red) and PSMA28-C12 (black). SEC in 
chloroform using polystyrene calibration. 
